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Bacillus Calmette—Guérin (BCG) is used as a vaccine and diagnostic test for tuberculosis,
as well as immunotherapy in the treatment of bladder cancer. While clinically useful, the
response to mycobacterial stimulation is complex and the induced protein signature
remains poorly de ned. We characterized the cell types directly engaged by BCG, as
well as the induced cytokine loops that transmit signal(s) to bystander cells. Standardized
whole-blood stimulations and mechanistic studies on single and puri ed cell populations
identi ed distinct patterns of activation in monocytes as compared to neutrophils and
invariant lymphocyte populations. Deconvoluting the role of Toll-like receptor 2/4 and
Dectin-1/2 in the in ammatory response to BCG, we revealed Dectin-1/2 as dominant
in neutrophils as compared to monocytes, which equally engaged both pathways.
Furthermore, we quanti ed the role of NF- B and NADPH/reactive oxygen species
(ROS)-dependent cytokines, which triggered a JAK1/2-dependent ampli cation loop
and accounted for 40-50% of the induced response to BCG. In sum, this study provides
new insight into the molecular and cellular pathways involved in the response to BCG,
establishing the basis for a new generation of immunodiagnostic tools.

Keywords: mycobacteria, immune monitoring, toll-like receptors, Dectin-1/2, Jak-1/2 inhibitors

INTRODUCTION

e bacillus Calmette—Guérin (BCG) vaccine strain has been used for the prevention of childhood
tuberculosis (TB) for more than 90 years. It is one of the most widely used vaccines, delivered to
>80% of neonates and infants worldwidg. Following from the seminal work of Morales et al. in

1976 @), BCG is also the treatment of choice for non-muscle invasive bladder cankewiever,

there remains a need for a clinical test to predict an individual's response to intravesical BCG
treatment given that 30-50% of patients do not resp@nd)(In addition, there is a lack of an

e ective blood based diagnostic tool to support the management of infected individuals with TB.
One advance has been the introduction of two ex vivo interferon gamma release assays (IGRAS)
to replace the use of the puri ed peptide derivative skin @sBoth IGRAs are assessed based

on IFN- production: the number of TB antigen-speci ¢ T cells producing IFN- for T-SPOT.TB
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(modi ed ELISPOT) and IFN- concentration for QFT (conven- and Good Clinical Practices as outlined in the ICH Guideline for
tional ELISA). In line with these e orts, our laboratory recentlyGood Clinical Practices.
described an ex vivo assay based on whole-blood stimulation,
referred to as TruCulture assays (6). To fully harness these ndfuCulture Whole-Blood Stimulation
tools, it is important to achieve a deeper understanding of th&uCulture stimuli were resuspended in a volume of 2 ml bu ered
multiple host sensors responsible for the variable host responsedia and maintained at20°C until the time of use. Blood was
to mycobacterial stimulation. obtained from the antecubital vein by a 60 ml syringe containing
Our previous study de ned the boundaries of a healthysodium-heparin (50 IU/ml nal concentration). Within 15 min of
immune response to BCG, as well as other stimuli, includingollection, 1 ml of whole blood was distributed into each of the
lipoarabinomannan (LAM) (a cell wall component of myco-prewarmed TruCulture tubes, inserted into a dry block incubator,
bacteria) and other agonists that mimic the host response tnd maintained at 37°C ¢2C) room air for 22 h. At the end of the
bacterial stimulation (6 ese initial results suggested that incubation period, tubes were opened and a valve was inserted in
the complex protein signature induced by BCG is the resutirder to separate the sedimented cells from the supernatants and to
of at least two factors: (i) BCG contains multiple immunestop the stimulation reaction. Liquid supernatants were harvested,
agonists (78) and (ii) a heterogeneous mixture of cell typesaliquoted, and immediately frozen a80°C until time of use.
as present in whole blood, express distinct sets of host sensord=or the kinetic of cytokines release (Figures 1B-D), TruCulture
and respond di erentially. As an additional level of complexitytubes were maintained at 37°C (+1°C) for a 30 h time course, with
directly activated cells may convey the in ammatory responsthe indicated time points: O (prior to the stimulation), 0.5, 1, 2,
to bystander cells vihe production of in ammatory cytokines. 3, 4, 6, 8, 10, 12, 16, 22, and 30 h. At the end of each incubation
We hypothesized a key role for host-derived factors, notablyeriod, tubes were centrifuged at 500 rpm, 20°C, for 5 min and
cytokines, as critical for the broad protein signature respondiuid supernatants were harvested, aliquoted, and immediately
to BCG stimulation. frozen at 80°C until the time of use. All the samples described
As a starting point for the current study, we proposed that thearlier were then analyzed with Luminex xXMAP technology.
response to BCG could be understood as an integration of host
sensor activation and induced cytokines that serve to transmBCG Preparation
the in ammatory signals. We investigated the engagement dflycobacterium boviSCG Connaught strain was grown in 7H9
selected host receptors by BCG [e.g., the principle toll-like recelgliddlebrook culture medium, supplemented with 0.4% glycerol
tors (TLRs), TLR2 and TLR4], as well as the C-type lectin-likgSigma, USA) and 10% ADC enrichment (Becton Dickinson,
receptors (CLRs) Dectin-1/2, which have been reported to derance). A er 2—3 weeks of growth, an aliquot of the culture
involved in mycobacteria—host cells interaction 710), and was harvested and washed in 1x Dulbecco's phosphate-bu ered
the key innate cytokines [e.g., IL-6, tumor necrosis factor-alphseline (DPBS; Gibco, France) for 8 min at 4,000 rpm. e bacterial
(TNF-), and IL-1], which may mediate a feed-forward host pellet was resuspended in 5 ml of DPBS and then transferred to a
response. Globally, the engaged host sensors actéd-viz GentleMACS M tube (Miltenyi Biotec, France). e RNA_01.01
mediated transcription, which was dependent upon NADPHprotocol of the GentleMACS Dissociator (Miltenyi Biotec) was
oxidase-derived ROS. Strikingly, we identi ed a unique pattermsed to disrupt aggregated bacteria. e optical density of the
of cell-type speci ¢ activation, with Dectin-1/2 engagement bypacteria was read at 600 nm (1 @0OL x 16 CFU/ml), and
BCG being dominant in neutrophils as compared to monocytdacteria was adjusted to the predetermined concentration and
and lymphocyte populations. Finally, we observed that thammediately used.
initial wave of induced cytokines ampli ed the innate response
through a combined activation of multiple cytokine receptordntracellular Cytokines Staining
and subsequent JAK1/2-dependent signaling. ese data willFresh heparinized whole blood from 15 to 20 healthy donors
support a deeper understanding of the variable host responseftom EFS was stimulated with ®1GFU/ml of BCG in 5 ml
mycobacteria. polypropylene capped tubes in the presence of RPMI-1640
GlutaMAX (half dilution; Gibco) at 37°C for 16 h. GolgiPlug
(BD Biosciences, France) was added to each tube 1 h a er BCG.

MATERIALS AND METHODS At the end of the stimulation period, 2 mM of EDTA (Life
Technologies, France) was added for 10 min at 37°C to detach
Human Samples adherent cells and the samples were incubated with antibodies

Data presented in Figures 1 and 2 were obtained using samplésscribed in Table S2 in Supplementary Material for 15 min at
from the Milieu Intérieur Healthy Donor Cohort. Details are room temperature (RT), protected from light. e red blood
provided in Ref. (11) and information about the cohort was regiszells were lysed and xed using BD lysis bu er, centrifuged at
tered at http://www.clinical-trials.gov (identi er NCT01699893). 300 g for 5 min, and incubated with 1 ml of BD Perm/wash
Data presented in Figures 3—7 were obtained using fresh whabel er for 5 min at 4°C. e cells were washed and stained with
blood from healthy volunteers, collected in heparin coagulanuorescent antibodies speci c to cytokines (listed in Table S2 in
tubes, and procured from Etablissement Frangais du Sang (EFS)pplementary Material) in a total volume of 100 pl, at 4°C for
e collection protocols were designed and conducted in accord-1 h. Stained cells were washed in DPBS and acquired on a BD
ance with the ethical principles of the Declaration of HelsinkLSR Fortessa (BD Biosciences).
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FIGURE 1 | Bacillus Calmette—Guérin (BCG) stimulation induces a broad array of in ammatory proteins. (A) Whole blood from 25 healthy donors was incubated fc
22 hin the presence of 3 x 10> CFU of BCG or buffer control (null condition). The culture supernatant was assayed for the expression levels of 32 proteins (Table 51
in Supplementary Material). Tukey box-whisker plots indicate those proteins (n = 17) that were signi cantly induced by BCG stimulation as compared to the null
tube, as de ned by ANOVA ( ltered to include analytes with g value < 0.01). Analytes are ordered from the highest to the lowest fold change, BCG stimulation vs.
null. (B-D) Whole blood from ve healthy donors was incubated in the presence of 3 x 10CFU of BCG or buffer control over a 30 h time course. At each time
point, culture supernatants were collected and analyzed. (B) Heat map representation of the 17 BCG-induced proteins over the 30 h time course (0 h = pre-
stimulation sample). Protein concentrations were log-transformed and ordered based on hierarchical clustering, showing the earliest (MIP-1) to the latest (IL-17)
induced protein analyte. Cytokines were color-coded based on their clustering. (C) Median concentration of four representative cytokines (one shown for immediate,
early, intermediate, and late release) are shown, with graphical inlay plotting the rst 4 h poststimulation. (D) Schematic representation illustrates the kinetic response
for the 17 cytokines that were induced following BCG exposure.
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FIGURE 2 | Comparison of protein responses induced by bacillus Calmette—Guérin (BCG) and its agonist ligand components. Clustering was performed on the data
set obtained from 22 h whole-blood stimulation by BCG (3 x 16 CFU), lipopolysacharride (LPS, 10 ng/ml), whole protein glucan (WPG, 40 pg/ml),
lipoarabinomannan (LAM, 10 pg/ml), the synthetic lipoprotein Pam2C (FSL-1, 2 pug/ml), tumor necrosis factor-alpha (TNF-, 10 ng/ml), interleukin 1-beta (IL-1, ng/
ml), and buffer control (null condition). A heat map is shown, samples ordered by stimulation and protein features hierarchically clustered using the 17 most
differentially induced proteins as de ned by ANOVA ( Itered to include analytes with q value < 0.01).

Isolation of CD66 * Neutrophils and CD14 + optimize conditions. Blocking reagents were added to whole
and CD2+ Cells blood or puri ed cell populations 1 h prior to the stimulation.

Fresh heparinized whole blood from healthy donors was utiIize}é\/e utilized the following blockers: anti-hTLR2 and -TLR4

for neutrophil, CD14, and CD2 puri cations. Whole blood was pab-hst.lr2/4, 25 ug/ml), anti-hTLRS (maba2-htlr5, 0.5 g/
lysed (155 mM NECI, 10 mM KHCQ, and 0.1 mM EDTA in ml), anti-hDectin-1 and -2 (mabg-hdect/-hdetc2, 10 pg/ml),

distilled water) for 10 min at RT and washed twice for 10 min a?"‘?' Ruxolitnib (tlrl-rux, 0.1-1 UM) from InvivoGen (France).;
anti-hCD120a (clone MABTNFR1-B1, 5 pg/ml) and anti-

300x g. CD66I neutrophils were isolated by positive selectio : i) § R .
using the CD66abce Microbead kit (Miltenyi Biotec) accordin QD130 (clone AM64, 5 ug/ml) from BD B|OSC|er_1ces, IL-IRA
Kinere100mg, 400 pg/ml) and -Bcetyl- -Cystein (NAC,

to manufacturer’s protocol. Purity was assessed by ow cyto W) f Calbioch Merck Mill F i d
etry using BV421-conjugated anti-CD66b and APC-conjugateé mM) from Calbiochem (Merc llipore, - France); an

anti-CD14 (BD Biosciences). e purity of the enriched popula- Nﬁ‘%PH oxidase inhibitor (\;ASZB?O’ 5-23) and NF-B
tion was 298%. CD14 and CD2 cells were positively isolated inhibitor (BAY 11-7085, 1M) from Sigma.
from the PBMC fraction obtained by Ficoll-Hypaque Plus

gradient separation (GE Healthcare, France), using CD14 a@timulation of Whole-Blood Samples and

CD2 Microbeads (Miltenyi Biotec), according to manufacturer’ . .
protocol. Briey, CD14-labeled cells were rst enriched on ﬁsmatEd Cells in the Presence of BIOCk'ng

positive selection columns and the depleted fraction containinfR€agents

total lymphocytes was washed and stained with CD2 Microbea#¥luted whole blood (v/v in RPMI-1640 GlutaMAX, 200 pl
and isolated on positive selection columns. Purity of CD14 andal), or 50,000 enriched CD&6and CD14 cells, or 10,000
CD2 enriched fractions was assessed by ow cytometry usiffifiched CD2 cells were incubated with the blockers previ-
APC-conjugated anti-CD14 (BD Biosciences) and e uor4500usly described or corresponding vehicle controls (DMSO or
conjugated anti-CD3 (Ebioscience, France) and w@8%: isotypes control) in RPMI-1640 GlutaMAX supplemented with
Viability of the samples following each puri cation procedure10% of ltered fetal calf serum (FCS, Gibco) in 96-round well
was assessed by Trypan blue staining and>9a8s for all plates, for a total period of 5 or 16 h for Ci2lls, at 37°C.

experiments. Aer 1 h of incubation, 10 CFU/ml of BCG ( nal concentra-
_ tion) was added to each well (with the exception of one well
Blocking Reagents for the unstimulated condition), and samples were incubated

All neutralizing antibodies or chemical inhibitors were rst for the rest of the indicated time. At the end of the incubation
tested in a dose-dependent manner using adequate controlsgeriod, supernatants were harvested and store@@tC until
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FIGURE 3 | Multiple cell types contribute to the bacillus Calmette—Guérin (BCG) protein signature. (A—D) Whole-blood samples from 15 to 20 healthy donors were
stimulated with BCG for 16 h in the presence of Brefeldin A (added 1 h after BCG) and assessed for cytokines production using speci ¢ cytometry panels (Table
S2 in Supplementary Material). (A) Summary table representing the median values for the percentage of cytokine- and chemokine-positive cells (background
signal from NS cells subtracted, n= 15-20) after 16 h of stimulation with BCG. (B) Tukey box-whisker plots indicate the percentages of cytokine-positive cells fo
CD14* monocytes (n= 20), CD16" neutrophils (n= 18), CD56" NK cells (n= 20), and T cells (n= 20). NS: non-stimulated condition. (C) Boolean gating
analyses of the expressed cytokines measured in (A) are shown for monocytes, neutrophils, CD5BIK cells, and T cells. Vertical bar graphs represent the
percentage of each cytokines combination above 2% for monocytes and above 1% for other populations. Data are ranked from the greatest to the least
expressed gated population of cytokine-producing cells. Horizontal bar graphs indicate the rank order of cytokine expression; the score represents the number of
times each cytokine is present in a Boolean combination. The cytokines expressed in each combinatorial gate are represented with a black dot, connected by a
solid black line. The cytokines not expressed are indicated by unconnected gray dots. (D) Tukey box-whisker plots indicate the expression of IENE-2, and
CD69 for the indicated cell populations.

Frontiers in Immunology| www.frontiersin.org 5 July 2017 | Volume 8 | Article 796



Bisiaux et al. Deconvolution of the Innate Response to BCG

FIGURE 4 | Bacillus Calmette—Guérin (BCG) engagement of multiple toll-like receptors (TLRs) and C-type lectin-like receptors accounts for early release of induced
cytokines. (A—C) Concentrations of selected cytokines measured by Luminex assay from puri ed CD14nonocytes [(A), n = 5-8], CD66b" neutrophils [(B), n = 8)],
and CD2' lymphocytes [(C), n = 8] each stimulated with BCG in the presence of indicated neutralizing antibodies (black circles) or isotype control antibodies (red
circles) or neutralizing anti-TLR5 (white circle), for 5 h (monocytes and neutrophils) or 16 h (lymphocytes). Filled circles indicate the median concentration for each
condition, and the lines represent the interquartile (IQR1/3) range. The dotted lines indicate the respective median values for unstimulated samples; if not shown, the
null condition was below the limit of detection for the given assay. (D) Heat map representation using the median concentration determined from data represented
above. p Values were determined by the paired Student’s t test and false discovery rate corrected for multiple analyte testing. *q 0.05; **q 0.01; ***q 0.001 as
compared to BCG + isotype control antibody.
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the time of use. Viability of cells was assessed by Trypan blus according to the manufacturer’s protocol. Data were collected

counting and was $0%. using the MAGPIX technology or Luminéx100 System.
Multianalyte Pro ling Identi cation of Measurement of Total Cellular ROS
In ammatory Signatures Intracellular accumulation of ROS was monitored by ow cytom-

Supernatants from whole-blood stimulation systems (Miliewetry using the cell permeant reagenf 2dichloro uorescin diac-
Intérieur healthy donors, Figures 1 anjl ®ere analyzed with etate (DCFDA), a uorogenic probe that measures ROS activity
Luminex XxMAP technology. Samples were measured accordithin the cell (Abcam). Monocyte, neutrophil, and lymphocyte
ing to CLIA guidelines (Myraid RBM, USA). e 32 measured populations were isolated as previously described and incubated
proteins were organized on three multiplex arrays, and a singlgth media alone (RPMI-1640 GlutaMAX) supplemented with
batch of reagents was used for testing all samples (Table S1@%%6 of FCS, or with 18FU/ml of BCG in the presence or absence
Supplementary Material). Supernatants from stimulated wholef selected blockers (added 1 h before BCG), for a total period of
blood or puri ed cells (EFS healthy donors, Figure§)3were 5 h at 37°C. Cells were centrifuged in DPBS ak3pfor 5 min
analyzed using combined ProcartaPI&mplex Immunoassays and incubated with the DCFDA solution (20 puM) for 30 min at
(Ebioscience) for IL-6, TNF; MIP-1- , MIP-1 , IL-8, IL-1 ,and  37°C, protected from light. Samples were then immediately run
IL-1 plus IFN- (for lymphocyte supernatants only). Assays wer@n an FACS LSR Fortessa using the 488 nm laser.

FIGURE 5 | Continued
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FIGURE 5 | Bacillus Calmette—Guérin (BCG)-induced NF- B and reactive oxygen species (ROS) activation results in the coordinated production of cytokines.
(A) Representative histograms showing intracellular ROS production, measured by ow cytometry using dichloro uorescin diacetate (DCFDA) assay on puri ed
monocytes, neutrophils, and lymphocytes (n = 2) incubated with media control (dotted line); BCG in the presence of DMSO vehicle control, 5 mM N-acetyl-
cysteine (NAC), or 5 uM of NOXi for a total of 5 h. (B) Concentrations of cytokines were determined by Luminex assay for puri ed monocytes (n = 9), neutrophils
(n=9), and lymphocytes (n = 9) stimulated with BCG in the presence of DMSO vehicle control, or NF- B inhibitor, or NAC. The dotted lines indicate the median
value for unstimulated samples. nd, not detected. p Values were determined by the paired Student’s t test and false discovery rate corrected for multiple analyte
testing. *q 0.05; **q 0.01; ***q 0.001 as compared to BCG + DMSO control. (C) Heat map representation using median concentration measured of the listed
cytokines for puri ed monocytes (n = 4), neutrophils (n = 4) and lymphocytes (n = 4) stimulated with media control [non-stimulated (NS)], BCG in the presence of
vehicle control DMSO, or with 5 or 25 uM of NOX:i, for 5 or 16 h for lymphocytes. (D) Representative histograms of intracellular ROS measured on puri ed
monocytes (n = 6), neutrophils (n = 8), and lymphocytes (n = 6) stimulated for a total of 5 h with media control, BCG plus isotype control antibodies, BCG in the
presence of neutralizing anti-TLR2&4, anti-Dectin-1&2, anti-TLR2&4 + anti-Dectin-1&2, or NF- B inhibitor. The MFI values for each condition are shown to the right
of the histograms. (E) Immunoblot analysis of | -B and GAPDH from total leukocytes stimulated for 45 min with media alone (NS), BCG and DMSO vehicle contral,
BCG in the presence of NOX inhibitor, or NF- B inhibitor (n = 3). (F) Band intensity was calculated using the ImageJ software, and the ratio of | -B /GAPDH is
represented by histograms.

FIGURE 6 | Toll-like receptor (TLR) and Dectin engagement by bacillus Calmette—Guérin (BCG) promotes NF- B activation in an additive manner. (A—C) Data from
Figures 4A—-C and 5B were used to develop a mathematical model, querying whether TLR2&4 and Dectin-1&2 engagement is overlapping, additive, or synergistic
in signaling via NF- B. Cytokine concentrations were log-transformed, and ratio of remaining signal over BCG control condition was calculated for monocytes (A),
neutrophils (B), and lymphocytes (C).

Western Blot Analyses of 5 uM of NOX inhibitor (VAS2870) or 1 uM of NFB inhibitor,

Total leukocytes obtained a er lysis of fresh whole blood wertor 30 and 45 min. Cell pellets were washed twice in cold DPBS
stimulated with media alone (unstimulated condition), or withand stored at 20°C until use. Samples were lysed in DPBS
10 CFU/ml of BCG and vehicle control DMSO, or in the presenceontaining 1% Non-idet P 40 substitute (NP-40; Sigma-Aldrich)
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FIGURE 7 | Feed-forward action of induced cytokines ampli es innate response to bacillus Calmette—Guérin (BCG). (A—C) The concentrations of cytokines were
measured for whole blood and puri ed monocytes from healthy donors stimulated for 5 h with BCG in the presence of recombinant IL-1RA, anti-TNFR, and
anti-IL-6R antibodies (referred to as “all blockers,” & 6). (A) Detailed results from whole blood were represented as pair analyses, each line indicates a donor and
the thick black line represents median values. Heat maps’ representation of the median concentration for the listed cytokines for whole blood [({B¥ 6] and puri ed
monocytes [(C),n = 4-8], stimulated with BCG in the presence of the indicated blocking receptor reagent(s), BCG in the presence of isotype control antibodies, or
buffer control [non-stimulated (NS)]. Percent inhibition between “all blockers” condition and BCG condition is indicated for each cytokine. (D—G) Puri ed monocytes
(n = 7), neutrophils (n=9), or lymphocytes (n= 7) were stimulated by BCG in the presence of increasing doses of the JAK1/2 inhibitor Ruxolitinib, and the
quanti cation of cytokines were measured using Luminex assay. (D) Box-whisker plots indicate the percentage inhibition as compared to BCG stimulation for
puri ed monocytes (normalized to 100% across experiments). The dotted lines indicate the median values for BCG stimulation for each cytokine. (E) Heat maps
represent the median concentration determined for monocytes, (F) neutrophils, and (G) lymphocytes.\falues were determined by the paired Student's-test and
false discovery rate corrected for multiple analyte testing. *q 0.05; **q 0.01; ***q 0.001 as compared to BCG + isotype control or DMSO control.
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supplemented with protease and phosphatase inhibitorfalse discovery rate (FDR), called q values. q Valués were
(Roche). Total proteins were measured using bicinchoninic acicbnsidered signi cant (ns, not signi cant; *@.05; **q 0.01;
assay (BCA; ermokFisher), and 30 pg of proteins were loaded**q 0.001).

on a 4-12% BIS-TRIS gel (Biorad). Proteins were transferred to

PVDF membrane and blotted with antiB (rabbit polyclonal,

#9242; Cell Signaling) or anti-GAPDH (rabbit monoclonal,RESU LTS

#2118; Cell Signaling) in Tris-bu ered saline containing 0.05% . .

of Tween 20 and 5% of bovine serum albumin. Secondary rabbCG Induces a Rapid and Robust Protein
HRP-coupled antibodies were detected using the SuperSigraignature

West Pico Chemiluminescent Substrate ( ermoFischer). We initiated our study by establishing a BCG-induced protein
signature. Samples were collected in the context of the Milieu
Flow Cytometry Analyses Intérieur project, using syringe-based medical devices that con-

Flow cytometry data were analyzed using FlowJo v9.5. cEined 3x 1 live BCG (Connaught strain). A er 22 h stimula-
doublets were excluded using side scatter-area versus forwdi@n, host proteins were quanti ed using the XMAP Luminex
scatter-width and side scatter-width versus forward scatter-ardgchnology. Seventeen of the 32 proteins tested (see Table S1
parameters. Lymphocyte populations analyzed in panel #1 wefe Supplementary Material) showed a >2 median fold change
selected from a [CD3and CD3)/CD14 gate to exclude any across 25 healthy donors [reported recently in Ref. (6)] and sta-
contamination of monocytes_ MAIT cells were gated rst ontistical ana|y5is Comparing BCG stimulation to the null condition
CD3 cells, and the gating strategy described in Figure S1 $iowed an FDR corrected g-vaki®.01 for these 17 proteins
Supplementary Material was then applied. Cytokine co-expreéFigure 1A). e observed BCG protein signature re ected the
sion from the di erent cell populations was assessed by Booleagtivation of both innate immune cells and lymphocytes, as
gating on FlowJo. Background non-stimulated values were rdpdicated by the production of IL-6 and IL-2, respectively.
subtracted for all combinations, and Boolean gate analysis per We next investigated the sequential secretion of these proteins,

formed on the six proteins from panel #1. measured a er whole-blood stimulation of ve healthy donors,
comparing BCG and null conditions during a 30 h time course
Linear Modeling of Inhibition Data (Figures 1B-D). Strikingly, we observed four discrete groupings

Cytokine concentrations were imported in R (CRAN v. 3.2.3) an8f induced cytokines and chemokines with representative data

log10-transformed. For each analyte, we used a linear regressf’&?wmg: (i) immediate early secretion of TN_';' ' “‘[)8 (CXCL8),
to model the log-transformed protein level gf donor d with MIP-1 (QCLB), a_nd M_IP'l (CCL_‘}) was evident between 30
inhibitor i: and 60 min following stimulation; (ii) early release of IL-6, IL-1,

and IL-1RA occurred within 3 h; (iii) intermediate secretion

of IL-1, IL-10, IL-12p40, and MCP-1 (CCL2) was observed
where is xed, 4 has a dierent value for each donor, and petween 8 and 10 h; and (iv) late secretion of IP-10, IL-17, IL-18,
has di erent values for each inhibitor; the are independent |L-23, IFN-, and IL-2 could be detected 16 h post-BCG stimula-
identically distributed normal random variables. Estimatesion (Figures 1B,C). With the exception of IFN- and IL-2, all

for the ratio of remaining signal was given by, 40d its 95% molecules reached a plateau by 20 h. Together, these data revealed
con dence interval by [16%5E0 , 10*96SE0], where and se() a complex response to BCG stimulation that begins as early as
denote the estimate and SE of , respectively. To test for evider8® min post-engagement, schematized based on the kinetics of
of a synergistic e ect of TLR and Dectin inhibitors, we tted asecretion (Figure 1D). is complex response likely re ects the
slightly di erent model, namely: engagement of multiple host sensors acting on diverse cell types.
Moreover, the rapid induction of host cytokines suggested that
feed-forward activation of cytokine receptor signaling pathways
where is xed, qhas a dierent value for each donamrhas  may contribute to the observed BCG molecular signature.

value 1 if and onIy if#iTLR or iTLR+ iDectin; i,Dectin has value To examine how BCG, as a Comp|ex StimU|US, compares to
1ifi=iDectin or iTLR+ iDectin, 0 otherwise;r:o has value 1 derjvative activation of de ned host sensors/receptors, we evalu-
ifi =ITLR +iDectin, 0 otherwise; the, are independent identi- ated the induced host cytokine and chemokine response to key
cally distributed normal random variables. We then tested th§| R and CLR sensors. Speci cally, we tested LAM (component

yd,i d i d,i

yd,i d i,TLR TLR i,Dectin Dectin iTD TD di

hypothesis kt .0 = 0 for each analyte/population pair. of the mycobacterial cell wall and ligand for TLR2), whole pro-
o tein glucan (ligand for Dectin-1), FSL-1 (synthetic diacylated
Statistical Analyses lipoprotein; ligand for TLR 2/6); ultrapure lipopolysacharride

Principal component analysis was performed with QlucoréLPS)-EB (ligand for TLR4); as well as the engagement of TNF
Omics Explorer, v.23 (Qlucore). For statistical analyses, as proteateptor and IL-1R, with the use of TNFer interleukin-1-beta

data are generally close to a log-normal distribution (12), datdL-1 ), respectively, comparing the results to BCG whole-blood
were log-transformed using Prism 6 GraphPad so ware and stimulation. LAM and LPS engagements of TLR2 or TLR4,
paired Student’s t-test, which is shown to be extremely robustspectively, were validated using blocking antibodies (Figure
against non-normality (13), was performed. To account foiS2 in Supplementary Material). Protein expression data for each
multiple testing, p-values in each condition were corrected usingf the 17 analytes were centered to a mean value of zero and
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scaled to unit variance to compare the results across the vacell types investigated (Figures 3A,B). Using Boolean gating
ous stimulation conditions. Results were strati ed based on thanalysis, we evaluated the 64 di erent combinatiorfs f(#
stimulus, and di erential expression of induced proteins waghe six innate cytokines and chemokines measured), de n-
analyzed using ANOVA, with protein response data subjecteitig the respective percentage of positive cells (Figure 3C). As
to hierarchical clustering and presented using a heat maghown, ~30% of monocytes produced all six proteins df¥«
(Figure 2). We observed strong stimuli-speci ¢ clusters with a&expressed none of the six measured cytokines and chemokines.
high degree of overlap between the BCG- and TLR4-induceBly comparison, neutrophils produced only 1-3 protein analytes
protein responses. Of note, BCG was unique in its induction gfer cell, yet were similarly responsive with ~75% making at least
IL-2, possibly a re ection of adaptive cell stimulation. Dectin-lone chemokine. While a lower proportion of C3%$K and
activation also triggered a broad cytokine response; as compargaells responded to BCG (e.g., 50% and 60% of cells making
to TLR2 activation by LAM or FSL-1, which induced a narroweno measured cytokine, respectively), we nonetheless observed
response. In all instances, however, the component ligands failseghall numbers of CDB36NK cells making the full repertoire of
to account for the breadth of the BCG signature. ese results leghroteins.
us to conclude that the BCG-induced response is more complex Following from the expression of in ammatory cytokines
than the combined individual responses provoked by the conby lymphocytes, we further tested the upregulation of activa-
ponent agonistic ligands. tion markers and the production of IFNand IL-2. Strikingly,
25-60% of NK and CD5&D3 NKT-like cells showed upregu-

. . lation of the activation marker CD69 (Figure 3D). We also
The BCG-Induced Protein Signature Is an observed BCG stimulation of MAIT cells, showing that ~20% of

Aggregate of Monocyte, Neutrophil, and cells respond by producing IFN{Figure 3D). Additionally, a
Lymphocyte Activation smaller proportion of T cells and B cells responded to BCG.
Given the broad expression of TLR, CLR, and cytokine receptoese data provide a detailed picture of the BCG-mediated
on leukocyte populations, we established single cell-based assayammatory signature of leukocytes and reveal dierences
to assign the cellular source(s) of selected cytokines. While itimstheir activation state, which helps to de ne the underlying
well established that BCG induces in ammatory cytokines, priovariable host response to BCG. ese results also con rmed
studies have not mapped the expression to de ned leukocytesir initial hypothesis that the BCG-induced protein signature
cell types. We utilized multiparametric ow cytometry, design-represents a composite response involving diverse cell types.
ing three immunostaining panels to classify nine distinct cell

populations (Figure S1 and Table S2 in Supplementary Materi . .
while simultaneously evaluating intracellular protein expressioil.Pwhe First Wave of Induced Proteins Is

We selected eight di erent proteins from the 17 that have beehliggered by BCG Engagement of TLR2/4
identi ed in BCG-stimulated whole-blood samples (Figure 1A).and Dectin-1/2 Acting via NF- B and ROS
In addition, these proteins cover the four di erent kinetic stagedVe next hypothesized that the observed BCG-induced cytokines
of the BCG response signature represented in Figures 1B—-D amegere the result of engaging multiple host sensors on three classes
prior data support their role in the context of human mycobacteef cells: CD14monocytes, neutrophils, and CDEmphocytes
rial disease(s) and/or vaccination by BCG {5}, Representative (which include NK and T cells). e initial response to BCG has
examples from single donors illustrate the induction of cytokinebeen shown to act vithe engagement of pattern recognition
and chemokines by CDi14monocytes, CD16 neutrophils, receptors (PRRs), or microbial sensors, expressed on immune
and CD568 NK cells, respectively (Figure S1 in Supplementargells (19). us, we investigated the role of two major TLRs for
Material). In addition, we evaluated the activation of lymphocyt®CG (i.e., TLR2 and TLR4), and the C-type lectin receptors
populations and measured by increased expression of CD69 abéctin-1 and Dectin-2, which have been reported to interact
the production of IFN- and/or IL-2 (Figure S1 in Supplementarywith a wide variety of microbes, including mycobacteriad@}),
Material). yet their requirement on human cells remain to be elucidated. To
Median values for the percentage of cytokine and chemokiressess the role of these host receptors, we utilized neutralizing
positive cells were determined for greater than 15 donorsntibodies specic for TLR2, TLR4, Dectin-1, and Dectin-2.
Aggregated results show distinct protein signature for eacBased on initial results that showed highly variable responses
selected cell types. Speci cally, the data highlight a dominamthen using single blocking reagents, we focused on the com-
role for monocytes, which highly expressed all selected cytokineismied neutralization of TLR2 and TLR4. Dectin-1 and Dectin-2
(Figures 3A,B). While the role of monocytes con rmed resultsantibodies were tested singly or in combination (referred to as
from prior studies (1617), the protein signature of NKT-like Dectin-1&2). To evaluate the combined e ect of blocking all four
and CD56 NK populations was diverse and distinct from otherreceptors, we combined the four antibodies together (referred
lymphocyte populations tested (Figure 3A). For NKT-liketo as TLR2&4+ Dectin-1&2). As a response-based read-out,
cells, the broad response may be due to engagement of Cde measured the concentration of selected cytokines and
restricted presentation of BCG lipids (18). Additionally, wechemokines (Figure 3). As a control, we utilized a neutralizing
observed a unique pattern for CD'Beutrophils with protein  TLR5 antibody, which is not expected to inhibit BCG responses
expression restricted to MIP-IMIP-1 , and IL-8. Interestingly, due to its lack of a agellum, the agonist for TLR5 (21). In all
we detected MIP-1and IL-8 expressions on all the leukocytecases, dose titration studies were performed using synthetic
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agonists to optimize conditions and demonstrate speci city of thelespite broad expression of these host receptors on responding
reagents (Figure S2 in Supplementary Material). leukocytes (Figure S4 and Table S2 in Supplementary Material),
For an overall view on the role of host sensors, we rst corBCG di erentially engages PRRs on the three cell types studied.
ducted studies in whole-blood samples from healthy donors. We next investigated the intracellular pathways that are
e combined use of TLR2&4 neutralizing antibodies showed engaged as a result of host sensor engagement. It is well described
decreased IL-6, TNF-, IL-1, and IL-1 productions, whereas that both ROS production and N activation are rapidly trig-
the expression of MIP-1, MIP-1, and IL-8 was highly variable gered following TLR and CLR binding. We therefore investigated
and overall, only modestly impacted (Figure S3 in Supplementatlye role of these signaling pathways in BCG-induced cytokine
Material). To better de ne the action of host sensors, we nextnd chemokine productions on the three cell types. BCG-
utilized puri ed cell populations, isolated using a magnetic beadinduced ROS was observed a er 4 h stimulation using a cell-
based approach (achieving >98% of purity in all experimentshased reporter assay, validated by the use of the ROS scavenger
Puri ed populations were stimulated using®XOFU/ml of live  NAC (Figure 5A). ese data indicated that ROS was robustly
BCG, in the presence of dierent neutralizing antibodies, angbroduced in all cell populations when exposed to BCG as
culture supernatants were harvested a er 5 h for CDfidno compared to media control conditions. Using an NE~speci ¢
cytes and neutrophils, or 16 h for CD@mphocytes. Notably, inhibitor (NF- Bi) and NAC, we next investigated the role of
the control stimulation conditions veri ed that each cell typethese two pathways on BCG-induced cytokine production.
showed comparable protein stimulation pro les to those de nedFor all three puri ed cell populations, we observed a profound
by ow cytometry (Figure 3A), with the exception of IL-1, reduction of cytokine production when either NB- activation
which is known to be an intracrine and is secreted at only loer ROS production was inhibited (Figure 5B). To establish the
levels (22). Interestingly, the stimulation of puri ed lymphocytessource of ROS, we tested an inhibitor selective for NADPH
supports their ability to directly respond to BCG, independentlyoxidase (VAS2870, referred to as NOXi). Indeed, NOXi treat-
of myeloid cells. ment abrogated BCG-induced ROS (Figure 5A) and diminished
e data obtained in the presence of the selected neutral-cytokine/chemokine production in a dose-dependent manner
izing antibodies revealed three distinct patterns of inhibition(Figure 5C). Notably, we also excluded a role for BCG-induced
For CD14 monocytes, we observed a signi cant but modestnitochondrial ROS production using a MitoSox reporter assay
decrease in cytokine production when using either TLR2&4 ofFigure S5 in Supplementary Material). ese results indicate
Dectin-1&2 neutralization antibodies as compared to isotyp¢hat BCG-induced cytokine production vithe engagement
control antibody treatment (40-60% inhibition for MIP-1, of NF- B and NOX-dependent ROS pathways in monocytes,
TNF- and IL-6, g< 0.05,Figure 4A). e combination of all  neutrophils, and lymphocyte subsets.
blocking antibodies further decreased the production of IL-6, To ascertain the connection between these two pathways,
TNF-, MIP-1, and MIP-1 (while not signi cant for MIP-1, we tested whether PRR activation of NB-was required for
Figure 4A). By contrast, IL-8 production was weakly a ectedthe observed BCG-induced respiratory burst. We measured the
by anti-TLR2&4, and IL-6 and TNF- showed inhibition in the production of ROS in puri ed cell populations a er stimulation
presence of the single Dectin blockers as compared to the othweith BCG, in the presence or absence of BR-comparing it
cytokines measured. We also observed a unique pattern of IL-fo the use of neutralizing antibodies speci ¢ for TLR2&4 and/or
and IL-1 expressions, which were both modulated by TLR2&#Dectin-1&2. Strikingly, we observed a dramatic reduction in ROS
blocking, with >80% reduction in signal as compared to controproduction when NF-B activation was inhibited (Figure 5D;
treatment ¢ < 0.05,Figure 4A). For neutrophils, we observed Figure S6 in Supplementary Material). In addition, we observed
a distinctive activation pro le in the presence of the selectethat neutralization of TLR2&4 or Dectin-1&2 decreased ROS in
blockers, with a considerable decrease of all three induced ptweth monocytes and neutrophils, with an even stronger inhibi-
teins when Dectin-1 or Dectin-2 signaling was inhibited. Despitéion when using combinations of TLRs and CLRs blocking anti-
expression of TLR2&4, the inhibitory e ect by Dectin-1&2 wasbodies (Figure 5D; Figure S6 in Supplementary Material). For
more pronounced. Nonetheless, inhibition of cytokine producdymphocyte subsets, ROS production was exclusively inhibited
tion was further enhanced by the combination of both pathwaysy TLR2&4 blocking antibodies, again illustrating a critical role
showing ~80% of inhibition as compared to controk(§.05, for TLR engagement as the mechanism of BCG activation in
Figure 4B). By contrast, results from lymphocytes supported this cellular population. While these data indicate that IBF-
primary involvement of TLR2&4, since blocking of Dectin-1&2activation results in ROS production, it has been previously
showed little additional inhibitory e ects (Figure 4C). Again, reported that ROS can act upstream of NB-activation (25,
lymphocytes are known to express Dectin receptors; howevés). We therefore tested the level ofBla degradation dur
blockade revealed selective use of one pathway over the otirer BCG stimulation, in the presence or absence of NOXi. As
(23, 24; and data not shown). To compare results across tlexpected, NS cells showed an intact band f@a, and upon
di erent cell types, data were aggregated, log-transformed, arRICG exposure FBa degradation was observed, a hallmark of
mean centered; a heat map representation is shown for the indudg8- B activation (Figures 5E,F). Strikingly,-Ba degradation
cytokines and chemokines (Figure 4D). ese data con rmed the was inhibited by the presence of NOXi, thus demonstrating a
role of TLR2 and TLR4 in BCG-induced in ammatory cytokinesrole for ROS as an upstream signaling molecule responsible for
and provided new evidence for both Dectin-1 and Dectin-2 irBCG-induced NF-B activation. Similar results were obtained
the initiation of host responses, Moreover, we established thaith NAC (data not depicted). ese ndings demonstrated that
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PRR engagement by BCG resulted in the activation of BNF- were exposed to a combination of the three receptor blocking
and the generation of ROS, which intersected as co-dependeatgents as compared to control conditions (Figure 7C). ese
intracellular pathways responsible for triggering the productiorresults suggested that cytokine receptor-mediated ampli cation

of in ammatory cytokines and chemokines. of the response to BCG accounted for 20—60% of the observed
in ammatory response, even in cell types expressing host sensors

TLR2/4 and Dectin-1/2 Engagement that are directly engaged by BCG agonists.

Provide Additive Activation Signals and Several cytokine receptors signal eiagagement of Janus

: : : : } kinases (JAKSs), key regulators of signal transduction pathways
Their Relative Contribution Is Cell-Type (27). Importantly, JAKs are not known to mediate signaling

Specic . o . downstream of host sensors (e.g., TLR and CLR pathways).
To understand the relative contributions of TLR or Dectin receP-grefore, we tested the role of feed-forward cytokine recep-
tor activation, the individual cytokine concentration data werg, signaling in BCG responses by blocking JAK1/2 using
assessed and the ratio of the remaining signal was modeled|R-g0184224 (also known as Ruxolitinib, clinically approved for
tting a linear model on the log-transformed data. In all casese treatment of myelo brosis, and referred to here as JAKi). Of
data obtained using NF- Bi were considered maximal inhibi-note we con rmed surface expression of the JAK1/2-dependent
tion. Overall, classical CD14nonocytes had a mildly reduced || g and IEN- receptors on immune cell populations (Figure
cytokine response following TLR or Dectin inhibition (Figure 6). 57 and Table S2 in Supplementary Material). We measured the
Inhibition of both Dectin and TLR led to a response reduc_tior]mpact on cytokine and chemokine expressions, showing that
of the order of the sum of the reductions induced by singlgt the highest dose of JAKi, we observed a considerable inhibi-
inhibitors (on the log-transformed data). Neutrophil responsesiion of the in ammatory response induced by BCG stimula-
on the contrary, showed slight TLR dependence and high Dectjyn. 1n whole blood and puri ed CDT4monocytes, 20-30%
dependence (Figure 6); and the cytokine response of CBIB  jnpipition of MIP-1 and MIP-1 was observed; and 40-50%
was TLR dependent (25-80% inhibition) and poorly Dectifphipition of IL-6, TNF-, and IL-1 (Figures 7D,E; Figure S9 in
dependent (<25% inhibition, Figure 6). Notably, we found nogypplementary Material). Similar results were observed in neu-
evidence for a synergistic e ect ¥90.05 for all analytes and trophils with a signi cant reduction of MIP-1 , MIP-1 , and IL-8
populations, see Materials and Methods). Additionally, W&15, 50, and 35%, respectively) and in CR@phocytes, where
observed that for all cell types and most cytokines, inhibition Qfak inhibition resulted in a dose-dependent inhibition of IL-6,
NF-B had a signi cantly greater impact than combined inhibi- TNE- MIP-1, MIP-1 , IL-1 , and IFN- (Figures 7F,G; Figure

tion of TLR2&4 and Dectin-1&2. is analysis suggests that theregg i Supplementary Material). Strikingly, TNF- and IEN-
are additional sensors engaged by BCG, which contribute to tB?oductions by lymphocytes were dramatically impacted by JAKi,

signaling through NF- B. showing 80-100% diminished signals, while IL-8 production

. . was unchanged despite increasing concentrations of JAKi. e
Induced Cytokines Amplify the Response signi cant impact of JAKi is consistent with its profound suppres-
to BCG sion of in ammation observed in diverse pathological situations

To parse the immune activation achieved by direct engagement(@B,29). ese results provide conclusive evidence for the critical
host sensors verstie feed-forward action of induced cytokines, involvement of cytokine receptor signaling in the modulation of
we next conducted blocking studies aimed at limiting the downBCG-induced in ammation.
stream e ects of key cytokine pathways: 1/-1 I1L-6, and TNF- In summary, our work has detailed the cellular and molecular
. We rst evaluated the expression of these cell surface receptangchanisms of action by which BCG stimulates cytokine and
in whole-blood cell populations (Figure S7 in Supplementarghemokine production by immune cells. We demonstrated that
Material). Whole-blood samples from healthy donors were stimthe BCG protein signature results from the combined activation
ulated by BCG in the combined presence of IL-1RA (the clinicallgf multiple PRRs across diverse immune cell populations with an
approved molecule Anakinra), anti-CD130 (the gp130 subuniampli cation of the signal achieved by autocrine and paracrine
of IL-6R), and anti-CD120a (the p55 subunit of the TNFR). Otytokine receptor signaling (Figure 8).
note, dose titration study con rmed the pharmacodynamics e ect
of IL-1RA (Figure S8 in Supplementary Material). Simultaneoup)|SCUSSION
blockade of these three receptors resulted in a signi cant reduction
of the BCG protein signature (ranging from 22% for IL-8 to 60%¢e discovery of PRRs triggered two decades of intense inves-
inhibition for IL-1 and IL-1 ; Figures 7A,B). e one exception tigation into microbial stimuli and host sensors, which govern
from the list of measured analytes was MIPithich showed a induced in ammatory responses (30). We have approached
highly variable response to cytokine receptor blockade. Notablhis problem from a systems immunology perspective, aimed
inhibition of single receptors showed minimal impact on BCG-at deconvoluting the mechanism of induced in ammatory
induced in ammatory responses, thus suggesting redundancy iresponses triggered by a complex microorganism that is capable
the feed-forward action of induced cytokines (Figure 7B). Weof engaging multiple immunological receptors, expressed by
next utilized the same strategy on puri ed monocytes. e datadiverse cell types. Our study provides new insights into the
obtained con rmed the observations using whole blood, showingoordinated BCG-induced in ammatory response, clarify-
a signi cant blunting of the BCG protein signature when cellsng the speci c role of TLR and Dectin activations, as well as
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FIGURE 8 | Schematic representation of the de ned bacillus Calmette—Guérin (BCG) protein signature. Multiple BCG component agonists activate TLR2&4 and
Dectin-1&2, host sensors that are expressed on diverse immune cells. This triggers the activation of ROS production and NF- B signaling, resulting in the induction
of a rst wave of cytokines and chemokines. In turn, these stimulatory host factors act to amplify the response in an autocrine and paracrine manner through a
combined activation of cytokine receptors, speci cally IL-6R, IL-1R, and TNFR, as well as others, and the subsequent NF- B and JAK-mediated signaling, thereby
promoting the release of a second wave of cytokines and chemokines. TLR, toll-like receptor; ROS, reactive oxygen species; NF- B, nuclear factor-kappa B; JAK,
Janus kinase.

the contribution of induced cytokines that act to amplify thethe synergistic interactions described when using combinations
in ammatory signature in whole blood. Briey, we establishedof puri ed synthetic ligands (33-35). One possible explanation is
CD14 monocytes as the major source of innate cytokines anthat, in the context of BCG stimulation, TLR and Dectin receptor
chemokines, with a unique and surprisingly rapid protein expressignaling converges on | K kinase, acting &aMyD88/TIRAP
sion pro le that is mediated by TLR2&TLR4 and Dectin-1&2sca old or the Malt1/BCL10/Card9 complex, respectively (36).
engagements. With respect to the direct engagement of other cellWhen comparing the overall inhibition achieved by TLR2&4
populations, we nd a distinct pattern of sensor engagement, witand Dectin-1&2 with that observed when inhibiting NF- B, we
our data suggesting that by contrast to monocytes, neutrophitonclude that additional ligand/host sensor interaction(s)/or an
respond to BCG primarily viBectin-1&2, whereas lymphocytes unde ned sensor participate in the overall response to BCG.
utilize primarily TLR2&TLR4. While additional mechanistic In considering the extensive set of mycobacteria-associated
studies are required, we suggest that engagement of host sensootecular pattern molecules, this is not unexpected. It is well
may depend on the phagocytic activity or variable phagosomkhown that the bacterial cell wall contains multiple ligands for
pH, thus explaining the observed di erences between cell typd4.R and CLRs. Potential host sensors, such as DC-SIGN and
that share similar receptor expression (31, 32). mannose receptor, may contribute to the recognition of BCG and
Applying multiple linear regressions, we modeled the experithe induced NF- B-mediated in ammatory response, although
mental results and determined that engagement of TLR2&4 aritlis remains to be tested. Additionally, there is evidence that
Dectin-1&2 contributes to the induced protein signature in anendosomal and cytosolic sensors are engaged by mycobacterial
additive fashion. Interestingly, this observation does not supporiucleic acids (37, 38).
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In addition to characterizing the role of host sensors, we uncoeell type, and signaling pathway, which might be relevant for
ered a critical role for cytokine receptors and their subsequenther complex stimuli and patients’ categories. Such charac-
signaling pathways, which substantially contribute to the completerization of the response will likely provide biomarkers, which
response to BCG. Remarkably, within 3 h of exposure to BCG, wey ultimately be applied to help to predict immunotherapeu-
observed the secretion of robust levels of TNE=-6, and IL-1.  tic response in bladder cancer and support diagnosis of TB
As such, these and likely other cytokines contributepusitive  infection.
feedback ampli cation loops that augment NB-activation as
well as engage JAK/STAT cytokine receptor signaling pathways:

Interestingly, the response to cytokine stimulation alone did no THICS STATEMENT

predict its profound impact on the global BCG protein signaturequman samples: data presented in Figures 1 and 2 are obtained
Soumelis and colleagues provided some insight into this obserygsing samples from the Milieu Intéreur Healthy Donor Cohort.
tion: taking a combinatorial approach, they evaluated the impact @fetails are provided in (11) and information about the cohort
co-culturing microbial stimuli in the presence of various cytokinesyas registered at  http://www.clinical-trials.gov ~ (identi er
ey report multiple patterns of cross talk with di erential e ects  NCT01699893). Data presented in Figures 3-7 were obtained
on human monocytes and pDCs (39). Additionally, our recenysing fresh whole blood from healthy volunteers, collected
work has highlighted that in conditions of limiting dose ofin heparin coagulant tubes and procured from Etablissement
microbial stimulus, cytokines participate in the spreading of th&rancais du Sang (EFS). e collection protocols were designed
in ammatory signal. Moreover, they report that the core cytokine-ang conducted in accordance with the ethical principles of the
induced signatures are capable of capturing the variable resporsgciaration of Helsinki, and Good Clinical Practices as outlined

to stimulation by complex microorganisms (40). Together, ou§, the ICH Guideline for Good Clinical Practices.
strategy enabled detailed analysis of the response to BCG with the

demonstration that a diverse set of immune cells underlay what is
a plastic and exible in ammatory response. Such complexity maﬁUTHOR CONTRIBUTIONS
have evolved as a means to tailor the in ammatory response to t
type, the infectious dose, and route of entry for a given microbe.

Our study also highlights the untapped opportunity to-har
ness in ammatory signatures for immune monitoring. Growing
consideration for systems biology approaches to monito
dynamic immunological changes demands standardized an
well-characterized methods for immune stimulation. We propose
that capturing the complexity of the host response to BCG wiACKNOWLEDGMENTS
more accurately represent the variability of responses found in
human health and disease states. Current e orts are aimed &tauthors would like to thank Dr. Molly Ingersoll for helpful
investigating if complex stimuli can help to discriminate activeliscussion and critical reading of the manuscript. We also thank
from latently infected TB patients, a major unmet public healtthe members of the Mllleullnterleur consortium for their advice
priority. It is our supposition that with improvements in sample@nd input on the project. is work bene ted from support of
collection procedures and standardized protein analyte testin§}€ French governments “Invest in the Future program,” man-
it will be possible to extend the diagnostic use of induced myc@9ed by the Agence Nationale de la Recherche (ANR, reference
bacterial in ammatory responses. Regarding bladder cancer arf-LABX-69-01 and LabEx Immuno-Onco) and from e Ligue
BCG immunotherapy, our recent work provided direct evidenc&ontre le Cancer and the French National Institute for Cancer
that parenteral BCG vaccination, prior to intravesical Bcdiesearch (INCA).
instillation, accelerates host tumor immunity (42). is and
other observations in the eld (43) have reinforced the potentiaSUPPLEMENTARY MATERIAL
diagnostic use of BCG-induced responses as an ex vivo diagnostic
biomarker for stratifying patients prior to intravesical therapy. e Supplementary Material for this article can be found online at

In sum, we proposed a method of systems-level deconvolbttp://journal.frontiersin.org/article/10.3389/ mmu.2017.00796/
tion of the BCG response by di erent factors, including time full#supplementary-material.

R% performed all in vitrexperiments. JB performed the kinetic
study as well as statistical analyses, with the help of MF. DD,
LQ-M, and MA participated in the generation of data from
healthy donors recruited for the LABEX Milieu Intérieur. AB and
A wrote the manuscript with the input of all authors.
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