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Host-directed therapy of tuberculosis based on
interleukin-1 and type I interferon crosstalk
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Tuberculosis remains secondonly toHIV/AIDSas the leading cause
ofmortalityworldwidedue toa single infectiousagent1.Despite chemo-
therapy, the global tuberculosis epidemic has intensified because of
HIV co-infection, the lack of an effective vaccine and the emergence
ofmulti-drug-resistantbacteria2–5.Alternativehost-directed strategies
could be exploited to improve treatment efficacy and outcome, con-
taindrug-resistant strains and reducedisease severity andmortality6.
The innate inflammatory response elicitedbyMycobacteriumtuber-
culosis (Mtb) represents a logical host target7. Here we demonstrate
that interleukin-1 (IL-1) confers host resistance through the induc-
tion of eicosanoids that limit excessive type I interferon (IFN) pro-
duction and foster bacterial containment. We further show that, in
infectedmice and patients, reduced IL-1 responses and/or excessive
type I IFN induction are linked to an eicosanoid imbalance assoc-
iatedwith disease exacerbation.Host-directed immunotherapywith
clinically approved drugs that augment prostaglandin E2 levels in
these settings prevented acute mortality of Mtb-infected mice. Thus,
IL-1and type I IFNs represent twomajor counter-regulatory classesof
inflammatory cytokines that control the outcome of Mtb infection
and are functionally linked via eicosanoids. Our findings establish
proof of concept for host-directed treatment strategies that manip-
ulate the host eicosanoidnetwork and represent feasible alternatives
to conventional chemotherapy.
Themechanismsbywhich IL-1-driven inflammationpromotes host

resistance against Mtb in vivo have not been elucidated and offer novel
targets for immunological intervention in tuberculosis (TB). Despite
the high susceptibility of IL-1-deficient mice to Mtb infection, estab-
lishedmediators of host resistance, such as interferon (IFN)-c, tumour
necrosis factor (TNF)-a, inducible nitric oxide synthase (iNOS) or IL-
12p40 were not diminished in the absence of IL1R1 when assessed
in vitro, in vivo at the single-cell level or in bronchoalveolar lavage fluid
(BALF) (ExtendedDataFig. 1a–c)8,9. Instead,weobserved that increased
bacterial loads in BALFwere accompanied by an eicosanoid imbalance
(Fig. 1a, b, Extended Data Fig. 1d). Eicosanoids are lipid mediators
derived from arachidonic acid that include prostaglandins, resolvins,
lipoxins and leukotrienes10.Cyclooxygenase-2 (COX-2, gene alsoknown
as Ptgs2) and 5-lipoxygenase (5-LO, gene also known as Alox5) or 12/
15-lipoxygenase (12/15-LO) compete for arachidonic acid to generate
COX-dependent prostaglandins or LO-dependent lipoxins and leuko-
trienes. Alox52/2 mice have been reported to be more resistant and
prostaglandinE synthase (Ptges)-deficientmicemore susceptible toMtb
infection11–13. In the absence of IL-1 signalling, we found that pros-
taglandin E2 (PGE2) and prostaglandin F2a (PGF2a) were signifi-
cantly reduced in BALF of Mtb-infected Il1r12/2 mice, whereas the

5-LOproducts LXA4 and LTB4were increased compared towild-type
animals (Fig. 1b, Extended Data Fig. 1d).
We then purified myeloid cells from infected wild-type lungs by

fluorescence-activated cell sorting (FACS), and found that they pro-
duced large amounts of PGE2 ex vivo (ExtendedData Fig. 1e).We next
used mixed bone marrow chimaeras to analyse the requirement for
IL1R1 on pulmonary CD68pos myeloid cells for COX-2 production
in vivo. Il1r12/2 cells expressed significantly less COX-2 protein, indi-
cating that IL-1 acts directly onmyeloid cells for optimalCOX-2 induc-
tion (Extended Data Fig. 1b, f) independently of pulmonary bacterial
loads. In vitro, Mtb-infected Il1r12/2 bone-marrow-derived macro-
phages (BMDM) failed to control bacterial growth compared towild-type
BMDM (Fig. 1c) and the increased colony forming units in Il1r12/2

BMDM or bone-marrow dendritic cell cultures were associated with
decreased PGE2 (ExtendedData Fig. 2a, b). In addition, we observed a
significant increase in both extracellular bacterial as well as infected
macrophagenumbers in Il1a,Il1b2/2 cultures (ExtendedDataFig. 2c, d).
Add-back of exogenous IL-1a, IL-1b or PGE2 reduced extracellular
bacteria to wild-type levels (Fig. 1d, Extended Data Fig. 2e–g) and re-
stored control of bacterial growth in IL-1-deficient BMDM(Fig. 1e and
Extended Data Fig. 3a).
IL-1-dependent bacterial control was lost when COX-2 was inhib-

ited with valdecoxib and restored upon PGE2 addition (Fig. 1e and
Extended Data Fig. 3b). Of note, valdecoxib increased bacterial loads
and inhibited PGE2 synthesis in infected wild-type BMDM as was ob-
served inBMDMderived fromB6micedeficient in the enzymatic activity
ofCOX-2 (Ptgs2(Y385F)mice) (ExtendedDataFig. 3c). In vivo, absence
of COX-2 enzymatic activity did not affect pulmonary and serum levels
of PGE2 or lung bacterial loads in Ptgs2(Y385F) mice at 4weeks after
Mtb infection, consistent with a compensatory role for COX-1, which
can generate PGE2 when COX-2 is absent14 (Fig. 1f, Extended Data
Fig. 3d, e). Nonetheless, at later stages of Mtb infection, Ptgs2(Y385F)
mice exhibited increased susceptibility compared towild-type animals
(Fig. 1g). We next examined whether IL-1 also drives PGE2 synthesis
in infected primary human monocyte-derived macrophages (MDM).
Blockade of IL1R1 signalling resulted in reduced PGE2 levels, whereas
addition of exogenous IL-1a or IL-1b further increased PGE2 synthesis
duringMtb infection (Fig. 1h). Although additional PGE2-independ-
ent mechanisms of IL-1-mediated protection are likely to exist, our
data demonstrate in vitro and in vivo that IL-1a and IL-1b, acting
partially through COX-2, trigger PGE2 synthesis, which in turn reg-
ulates the containment and replication of bacilli duringMtb infection.
Inmany settings type I IFNs promote bacterial virulence and disease

exacerbation15,16. Hypervirulence of certainMtb strains correlates with
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enhanced necrosis, type I IFN production andMtb-infected Ifnar12/2

mice harbour fewer bacteria compared towild-type animals8,17–19. Type
I IFNs subvert anti-tuberculous host defences by inhibiting iNOS,

IL-12p40, IL-1a and IL-1b production, while inducing the immuno-
suppressivemediators IL-10and IL1Rantagonist (IL1Ra, genealsoknown
as Il1rn)8,19. Consistent with our previous findings that type I IFNs
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Figure 1 | IL-1 triggers PGE2 synthesis during Mtb infection. a, Bacterial
loads (colony forming units, c.f.u.); b, PGE2 concentrations and PGE2/LXA
ratio 25 days after aerosol exposure toMtb in BALF of C57BL6wild type (WT),
Il1r12/2, Il1a,Il1b2/2, Il1b2/2 or Il1a2/2 mice (n5 4–8). c, c.f.u. in Mtb-
infected (m.o.i.5 3) WT or Il1r12/2 BMDM cultures. d, Mtb-RFP-infected
(m.o.i.5 3) WT and Il1a,Il1b2/2 BMDMs cultured with or without PGE2.
Extracellular bacteria were analysed by FACS (day 5). e, c.f.u. after in vitro
infection (m.o.i.5 3) ofWT or Il1a,Il1b2/2 BMDM in the presence or absence
of IL1, PGE2or theCOX-2 inhibitor valdecoxib. rmIL-1a, recombinantmurine
IL-1a. f, Lung c.f.u. of 4-week Mtb-infected WT, Il1r12/2 or Ptgs2(Y385F)

mice (n5 5). a–f, Data are representative of two independent experiments.
*P# 0.05; **P, 0.005; ***P, 0.0005; compared as indicated
in figure by lines or to WT control groups. Error bars denote s.d. (Mann–
Whitney test). g, Survival of WT, Il1r12/2 or Ptgs2(Y385F) animals after
aerosol challengewith 25–40 c.f.u.Data shown are fromone experiment (n5 4,
Mantel–Cox test). h, PGE2 concentration in supernatants of MDM from 23
healthy donors, 24 h after Mtb infection in the presence or absence of rhIL-1a,
rhIL-1b or anti-hIL1R1 neutralizing antibody. rhIL-1a, recombinant
human IL-1a; anti-hIL1R1, anti-human IL-1R1. Differences were compared
as indicated by lines (Wilcoxon matched pairs test).
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Figure 2 | IL-1 and PGE2 negatively regulate type I IFNs. a, b, PGE2
measured in BALF of indicated mouse strains 4weeks post infection (p.i.)
(n5 5) (a) andWT or Il1a,Il1b2/2 BMDM infected for 40 h (m.o.i.5 5) or in
the presence or absence of recombinantmurine IFN-b (rmIFNb; b). c, PGE2 in
supernatants of MDM from 22 healthy donors, 24 h after Mtb infection
(m.o.i.5 5) in the presence or absence of rhIFN-b (Wilcoxon matched pairs
test).d, IfnbmRNAexpression and IFN-b protein in lungs ofMtb-infectedWT
or Il1r12/2mice at indicated time points. AU, arbitrary units (n5 9). e, f, IFN-
b protein in supernatants ofWT or Il1a,Il1b2/2 BMDM infected for 40 h (e) or
WT BMDM in the presence or absence of rmIL-1a or IL-1b (f). g, IFN-b
protein concentration in supernatants WT BMDM (40 h p.i. Mtb) treated with
increasing concentrations of PGE2. h, IFN-b protein in supernatants of

MDM from 7 healthy donors, 24 h after Mtb infection with or without PGE2
(Wilcoxon matched pairs test). i, c.f.u. at indicated time points of Mtb-infected
(m.o.i.5 5) WT BMDM cultures treated with anti-IFNAR1 monoclonal
antibody, rmIL-1a or Il-1b, rmIFN-b or PGE2. j, c.f.u. after 5 days of
Mtb infection (m.o.i.5 5) of Il1r12/2 BMDM treated with anti-mIFNAR1
mAb or PGE2. k, Survival of WT, Il1r12/2, Ifnar12/2 or Il1r1,Ifnar12/2

double-deficient animals after Mtb infection (n5 5, Mantel–Cox test). Data
shown are representative of two (a, b, d–g, i, k) or three (j) independent
experiments. *P# 0.05; **P, 0.005; ***P, 0.0005; compared as indicated in
figure by lines or toWT control groups. Error bars denote s.d. (Mann–Whitney
test).
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antagonize the IL-1 pathway during Mtb infection8, absence of type I
IFN signalling resulted in increased PGE2 and IL-1b and decreased
IL1Ra inBALF (Fig. 2a andExtendedData Fig. 4a).Mtb-infectedwild-
type BMDMproduced significantly less PGE2when exogenous IFN-b
was present (Fig. 2b). Addition of IFN-b to infected humanMDMalso
significantly reducedPGE2 (Fig. 2c, ExtendedData Fig. 4b), yet supple-
mentation of IFN-b-treated cultures with IL-1 failed to restore PGE2
levels (ExtendedDataFig. 4c).Together theseobservations suggested that,
in addition to IL-1 itself8 and even in the presence of exogenous IL-1,
type I IFNs potently counter-regulate the prostaglandin axis in Mtb-
infected human and murine cells.
We next asked whether in the opposing direction IL-1 and PGE2

inhibit the type I IFN pathway, which could represent an important
mechanismof IL-1/PGE2-dependent bacterial control. Indeed, inMtb-
infected Il1r12/2mice pulmonary messenger RNA and protein levels
of IFN-bwere significantly elevated compared towild-typemice (Fig. 2d).
Mtb-infected Il1a,Il1b2/2BMDMalso expressed significantly elevated
Ifna, Ifnb, IFN-inducible Il1rn (IL1Ra) and Il1r2decoy receptormRNA
aswell as IFN-bprotein (ExtendedData Fig. 4d andFig. 2e). Exogenous
IL-1a and IL-1b inhibited IFN-b protein in wild-type macrophages
andreducedmRNAexpression in Il1a,Il1b2/2BMDM(Fig. 2f, Extended
Data Fig. 4e). Importantly, exogenous PGE2 also suppressed type I IFN
production inMtb-infected murine and humanmacrophages (Fig. 2g,
h). Addition of either IL-1 or PGE2 to IFN-b-treated BMDM cultures
reversed IFN-b-dependent loss of bacterial control (Fig. 2i). IL-1 failed
to reversePGE2 inhibitionby type I IFNs, yet fully restoredbacterial con-
trol, suggesting the existence of other IL-1-driven anti-mycobacterial
mechanisms in addition to PGE2 regulation.
To investigate if the IL-1-type I IFN counter-regulatory pathway has

an important function in IL-1-dependent bacterial control, we neutral-
ized type I IFN in infected Il1r12/2 BMDM. Blocking type I IFN sig-
nalling significantly reduced bacterial growth in Il1r12/2macrophages
(Fig. 2j). Importantly,mice doubly deficient in both IL1R1 and IFNAR1

(Il1r1, Ifnar12/2) were significantly less susceptible to Mtb infection
than Il1r12/2 single-deficient animals (Fig. 2k). These findings reveal
suppression of type I IFNs and their pro-bacterial activity as a major
mechanism of IL-1- and PGE2-mediated host resistance against Mtb.
In previous studies both the development of active TB in latently in-

fected individuals and the extent of radiographic disease among active
TB patients were found to be closely associated with a type I IFN gene
signature20–22. Thereforewe speculated that the IL-1–type I IFNbalance
might be particularly relevant in active TB patients with more severe
disease presentations, than in latent or asymptomatic cases23.We retro-
spectivelymeasured components of the IL-1, eicosanoid and IFN path-
ways in plasma of patients from Chennai, India, stratified into healthy
controls (HC), latently infected individuals (LTBI) and pulmonary TB
(PTB) cases based on their acid fast (AFB) sputum classification (Sup-
plementary Tables 1, 2, 6). With increasing disease status, IL-1a was
reduced whereas PGE2, LXA4 and 15-Epi-LXA4 showed a significant
trend to increase (SupplementaryTable 6).Wenextmeasured the same
parameters in a cohort fromZhengzhou,China, and found similar trends
for IL-1a, PGE2 and 15-Epi-LXA4 (SupplementaryTables 3, 5, 7). The
decreases in plasma IL-1a observed here diverge from previous find-
ings in BALF or alveolar macrophages of active TB patients, where IL-
1bwas shown tobe elevated24–27. Thismay reflect differences in systemic
versus pulmonary cytokine levels or between the IL-1 species because
we observed a similar dichotomy inmice infected withMtb (Extended
Data Fig. 5). The finding of increased PGE2 concentrations in PTB
compared toHCand/or LTBI patientswas unanticipated based on our
murine data. Nevertheless, when we investigated the eicosanoid bal-
ance within the PTB group, as proposed above, we found a significant
linear trend for PGE2/LXA4 or PGE2/15-Epi-LXA4 ratios to be de-
creasedwith higher sputumgrades (Fig. 3a).We then further stratified
the PTB group into patients with mild or severe disease (Fig. 3b, Sup-
plementary Table 5). Importantly, in both study sites the IL-1, eicos-
anoid and IFN pathways faithfully distinguished PTB patients based
ondisease severity after canonical correlation analysis (CCA)28 (Fig. 3b,
SupplementaryTable8). Thus, clinical data from two independent study
cohorts support thehypothesis thatTBseverity is associatedwith changes
in IL-1, type I IFNs andeicosanoids thus supporting a linkbetween these
pathways in active tuberculosis.
On the basis of these observations we proposed that a host-directed

therapy (HDT) targeting eicosanoids would be most effective in active
disease associated with necrotic lung pathology where high type I IFN
conditions dominate. Indeed, when Il1a,Il1b2/2 animals were admin-
istered PGE2 together with zileuton, a 5-LO inhibitor (Extended Data
Fig. 6a), pulmonary bacterial loads and pathology were reduced and
survival enhanced (Fig. 4a, ExtendedData Fig. 6b–e).Of note, when the
same treatment was given towild-type animals for up to 6months bac-
terial control was not enhanced nor were negative side effects observed
(Fig. 4a, Extended Data Fig. 6b, e and data not shown). Importantly,
PGE2 and zileuton treatment had no effect on survival of susceptible
Ifng2/2orTnfa2/2 animals (ExtendedDataFig. 6f). Thus, theobserved
treatment is specific for IL-1-mediatedhost resistance, rather than ow-
ing to indirect effects on pathways generally shared by susceptiblemice.
We next administered either PGE2 or zileuton alone and found that
add-back of PGE2 extended survival of Il1r12/2 animals, whereas ad-
ministration of zileuton failed to do so (Extended Data Fig. 6g). Con-
sistent with the latter finding, infected Il1r1,Alox52/2 mice died with
similar kinetics as Il1r12/2 animals (ExtendedData Fig. 6g). These data
indicate that the susceptibility of IL-1-deficient mice is linked to de-
creased PGE2, rather than to an increase in 5-LO products, and that
yet unidentified functions of IL-1 contribute to host resistance against
Mtb, because rescue of IL-1-deficient animals, either by PGE2 add-
back or type I IFN neutralization, was incomplete.
We then tested the eicosanoid-based HDT in a model using IL-1-

replete animals where induction of high type I IFN levels by intranasal
administration of polyinosinic-polycytidylic acid stabilized with poly-
L-lysine (pICLC) causes uncontrolled disease leading to mortality and
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unilateral lung lesions) and severe disease (AFB$ 11, and bilateral lung
lesions) categories and canonical correlation analysis (CCA) was performed
independently for Indian andChinese cohorts. Indicated parameters were used
to differentiate PTB fromHCandLTBI groups aswell as clinical severitywithin
PTB group based on combined canonical coefficients. sIL-1R, soluble IL-1R.
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necrotic lung pathology15. While triggering loss of bacterial control,
increased cell death, IFN-a, IFN-b, IL-10 and IL1Ra expression in
mouse lungs, pICLC treatment failed to overtly suppress IL-1 or PGE2
(Extended Data Fig. 5), perhaps reflecting an indirect effect of the in-
creased bacterial burden and/or type I IFN induction of IL1Ra. When
PGE2 and zileuton were administered together, pICLC-treated mice
were fully protected against weight loss andmortality, displaying lower
colony forming units as well as decreased necrotic lung pathology
(Fig. 4b, Extended Data Fig. 7a). PGE2 or zileuton alone reduced pul-
monary colony forming units, which resulted in complete protection
against both weight loss and mortality (Fig. 4c, Extended Data Fig. 7b).
Importantly, protection directly correlated with increased PGE2 and
decreased IFN-b and IL1Ra production, evenwhen animals were given
5-LO blockade alone (Extended Data Fig. 7c, e).
Weconfirmed that zileuton andPGE2didnot directly inhibit growth

ofMtb in vitro at concentrations as high as 75mgml21 and 50mgml21,
respectively (data not shown), and co-administration did not interfere
with standard antibiotic therapy (Extended Data Fig. 8). Mtb-infected
Ifnar12/2 and Alox52/2 animals were resistant to pICLC-driven dis-
ease, confirming that pICLC-driven susceptibility is type I IFN-mediated
and that zileuton protects by targeting 5-LO rather than through off-
target effects (Fig. 4d, Extended Data Fig. 9a, b). IL-10 is induced by
type I IFNs and contributes to its antagonism of IL-1 during Mtb8,19,
and accordingly Il10 2/2 animals survived pICLC administration
(Extended Data Fig. 9c). LTB4, although 5-LO-dependent and prev-
iously implicated inpathologyof zebrafish infectedwithMycobacterium
marinum29,30, didnotmediate pICLC-drivendisease, becauseLtb4r12/2

mice succumbedwith similar kinetics as wild-type controls (Extended
Data Fig. 9d). Likewise, 12/15-LO2/2 animals displayed the samemor-
tality aswild-type animals, arguingagainst a role of 12/15-LO (Extended
Data Fig. 9d). Because PGE2 supplementation, either by direct addition
or5-LO inhibitionwith zileuton, completelyprevented type I IFN-driven

mortality, it is possible that the HDT protects via PGE2-mediated bac-
terial control and/or inhibition of type I IFNs rather than suppression
of 5-LO products.
Finally, we tested the therapeutic efficacy of 5-LO blockade by initi-

atingZileuton treatment at 30 dayspost-infection,whenpICLC-treated
animals alreadydisplay10–20%weight loss (Fig. 4e anddatanot shown).
This resulted in enhanced survival, with 40%of the animals remaining
alive at the end of the study. Thus, manipulation of the eicosanoid bal-
ance towards PGE2 can both prevent and therapeutically ameliorate
disease exacerbation associated with type I IFN expression (Extended
Data Fig. 10). Although eicosanoids have been suggested previously as
targets for therapeutic intervention in tuberculosis, the data presented
here provide in vivoproof of concept for this approach in amammalian
model of pulmonary Mtb infection.

METHODS SUMMARY
Eight-to-twelve-week-oldC57BL/6 or gene-deficient animalswere aerosol infected
with Mtb strain H37Rv (100–150 colony forming units per mouse unless stated

otherwise). In vitro infectionsofMDMorBMDMwere performedat indicatedmul-
tiplicity of infection (m.o.i.). Eicosanoids and cytokines were measured between 24

and 48 h after in vitro, in vivo at indicated time points or in plasma of TB patients
using commercial enzyme immunoassay (EIA) or enzyme-linked immunosorbent

assay (ELISA) kits. For in vitro colony forming units determination, supernatants
were collectedday5post infectionandcells lysed indistilledH2Ofor5–10min. Super-

natants and cell lysatewere then combined to evaluate totalmycobacterial growth.
Extracellular colony forming units were determined bymicroscopy or flow cytome-
try as described inMethods. Antibodies, PCR primers and other pharmacological

reagents aswell as staining, RT–PCRand cell differentiation protocols are listed in
Methods. C57BL/6mice were administered pICLC intranasally twice a week (6 mg

in 30ml). ForHDTmice were given PGE2 intranasally twice a week (2mg in 30 ml)
or zileuton in drinking water ad libitum (6mgml21) or both starting 1 day after

infection, unless stated otherwise. Patient cohort descriptions and immunemedi-
ator measurements are provided in Supplementary Information and Methods.
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Figure 4 | HDT targeting eicosanoids confers protection in highly
susceptible mice associated with high type I IFN responses. a, Lung c.f.u.
(day 21 p.i.) (left, n5 10, error bars denote s.d., Mann–Whitney test) and
survival (right, n5 13, Mantel–Cox test between treated and untreated
Il1a,Il1b2/2mice) after aerosol exposure toMtb ofWT or Il1a,Il1b2/2 treated
with or without intranasal (i.n.) PGE2 (twice a week) and zileuton (in drinking
water) starting day 1 p.i. Data shown are combined from two independent
experiments. b–e, Mice were treated i.n. with pICLC or without (PBS) twice a
week, starting day 1 after aerosol challenge with Mtb. b, Weight loss (left,
travelling error bars indicate s.d., n5 7) and survival (right) during Mtb
infection of WT (pICLC or PBS i.n.) mice treated with or without i.n. PGE2
and zileuton. c, Lung c.f.u. 4weeks p.i. of WT mice treated as indicated (left,
n5 5, error bars denote s.d. (Mann–Whitney test). Survival (right) of

pICLC-treated WT mice (black) compared to those who also received PGE2
(yellow), zileuton (orange) or both (red). Differences were compared to
pICLC group (Mantel–Cox test). Data are representative of three independent
experiments (n5 5). d, Survival of pICLC-treatedWTmice (black), Ifnar12/2

animals (purple, without pICLC in pink) or Alox52/2 mice (dark green,
without pICLC in light green). Statistical significance was compared to pICLC
group. Data are representative of two independent experiments (n5 4–6).
e, Survival of pICLC-administered WT mice treated with zileuton in drinking
water starting day 1 (solid orange line) compared to d30 (dotted orange line).
Data shown are combined from two independent experiments (n5 10).
Statistical significance was compared to pICLC (black) group with
Mantel–Cox test. *P# 0.05; **P, 0.005; ***P, 0.0005.
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Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
Mice and Mtb infections. C57BL/6 mice were purchased from Taconic Farms
(Hudson, NY). Il1a2/2, Il1b2/2, Il1a, Il1b2/2 mice were originally derived by Y.
Iwakura (Tokyo University). Il1r12/2, Ptgs2(Y385F), Tnfa2/2, Alox52/2, Alox12/
152/2,Ltb4r12/2 andC3HeB/FeJmicewere purchased from JacksonLaboratories
(Bar Harbour, ME) and Il1r12/2mice were backcrossed to B6 for at least 10 gen-
erations. B6.SJL (CD45.1/1), B6.SJL (CD45.1/2), Il102/2, Ifng2/2, Ifnar12/2mice
were obtained through a supply contract between theNational Institute of Allergy
and Infectious Diseases (NIAID) and Taconic Farms. Il1r1,Ifnar12/2 and Il1r1,
Alox52/2 mice were generated by inter-breeding of Il1r12/2 with Ifnar12/2 or
Alox52/2 mice. All animals were maintained in an AALAC-accredited BSL2 or
BSL3 facilities at theNIH or FDA and experiments performed in compliance with
an animal study proposal approved by the NIAID or FDA Animal Care and Use
Committee. 8–12weeks old male and female mice were used. Aerosol infection
with theH37Rvstrain ofMtb (100–150 c.f.u. permouseunless statedotherwise) and
determination of lung bacterial growth were performed as previously described9.
Macrophage/dendritic cell differentiation and in vitro cultures.Murine bone-
marrow cells were cultured for 7 days in either 15% GM-CSF media to generate
BMDC or 30% L929 supernatant media to differentiate BMDM and then exposed
to H37Rv at an indicated multiplicity of infection (m.o.i.) for 24–48 h and super-
natants harvested. In some experiments PGE2 (2mgml21, Sigma), zileuton (20mM,
Tocris), valdecoxib (0.5mM, Tocris) or recombinant murine IFNb (20 ngml21),
IL-1aor IL-1b (10ngml21) or both together (5 ngml21

15ngml21, R&DSystems,
Minneapolis, MN) were added to the cultures.
Human elutriated monocytes were obtained from peripheral blood of healthy

cytomegalovirus-negative donors. Monocyte derived macrophages (MDM) were
generated by culturingmonocytes withmedia containingM-CSF (60 ngml21) for
7 days. Freshmedia with indicated growth factors was added every 48 h. Cells were
exposed toH37Rv (m.o.i.55) in thepresenceorabsenceofPGE2 (2mgml21, Sigma),
recombinant human IFN-b (10ngml21), IL-1a (10ngml21), IL-1b (10ngml21) or
neutralizing anti-hIL1-R1 antibody (20mgml21, R&DSystems,Minneapolis,MN)
for 24h. All recombinant human cytokines were from Peprotech (Rocky Hill, NJ).
Cytokine and eicosanoidmeasurements in culture supernatants and biological
fluids.Murine and human cytokine and lipid mediator concentrations in culture
supernatants were quantified using commercial ELISA kits (R&D Systems) and
enzyme immunoassay (EIA) kits (CaymanChemical,AnnHarbour,MI andOxford
Biomedical Research, Oxford,MI).Murine bronchoalveolar lavage (BAL) fluid and
cell free lung homogenates were obtained and cytokines and nitric oxide measured
as described previously9. Eicosanoids in murine serum, BAL and lung were mea-
suredwithEIAkits (CaymanChemical, AnnHarbour,MI andOxfordBiomedical
Research, Oxford, MI).
For clinical studies in India, plasma levels of human IL-1a, IL-1b, IL-10, IL1Ra,

IL1RI, IL1RII, IFN-c, IFN-a, IFN-b and TNF-awere measured using commercial
ELISA kits (R&D Systems, Minneapolis, MN). Levels of PGE2, PGF2a (Cayman
Chemical, Ann Harbour, MI), LXA4 and 15-EPI-LXA4 (Oxford Biomedical Re-
search, Oxford, MI), were assessed using EIA kits following the manufacturers’
instructions. For clinical studies in China, plasma levels of IL-1a, IL-1b, IL-10,
IL1Ra, IL1RI, IL1RII, IFN-c, IFN-a, IFN-b andTNF-aweremeasured using com-
mercial ELISA kits (R&DSystems,Minneapolis,MN) and FlowcytomixMultiplex
Arrays (eBioscience, SanDiego, CA) according to themanufacturer’s instructions.
Levels of PGE2, PGF2a, LXA4and15-EPI-LXA4were assessedusingEIAkits accord-
ing to the manufacturer’s directions (Oxford Biomedical Research, Oxford, MI).
Flowcytometry.Abs againstmouse surface antigens and cytokineswerepurchased
fromEbioscience, Biolegend (SanDiego, CA), AbDSerotec (Raleigh, NC) andBD
Pharmingen (San Diego, CA) and used in 12-colour flow cytometry either bioti-
nylatedordirectly conjugated. TheAbs usedwere directed against Ly6C (cloneAL-
21), Ly6G (1A8), CD11c (HL3 and N418), CD68 (FA-11), CD45.1 (A20), CD45.2
(104), TCRb (H57-597),NK1.1 (PK136), IL-1aPE (ALF-161), IL-1bAPC (pro-IL-
1b monoclonal NJTEN3), iNOS (polyclonal rabbit unconjugated), IL-12/23 p40
(C15.6),TNF-a (MP6-XT22),CD11b(M1/70), activatedcaspase-3 (BDPharmingen),
COX-2 (polyclonal rabbit unconjugated, Cell Signaling). Biotinylated and uncon-
jugated polyclonal rabbit antibodies were detected with streptavidin-conjugated
Qdot 605, or goat anti-rabbit secondary-AF647, respectively fromMolecularProbes-
Invitrogen (Carlsbad,Ca).Ultraviolet fixable live/dead cell stainwaspurchased from
Molecular Probes-Invitrogen and used according to the manufacturer’s protocol.
All samples were acquired on a LSRII flow cytometer (BD Biosciences, San Jose,
CA) and analysed using FlowJo software (Three Star, Ashland, OR).
Isolation and re-stimulation of myeloid cells from lung tissue. Perfused lungs
from infected mice were cut into 1–2mm pieces and subsequently digested with
liberaseCl (0.4mgml21 inPBS;Roche-Diagnostics, Indianapolis, IN).The reaction
was stopped after 30–45min. with an equal volume of fetal calf serum. Digested
lungwas fully dispersedby passage through a 100-mmpore-size cell strainer andan
aliquot removed for bacterial loadmeasurements. Isolated cells were then washed,

counted and subsequently surface stained for FACS sorting in a BSL3 containment
facility under sterile conditions. In some experiments FACS-sorted cells or whole-
lung single-cell suspensions from infected mice were stimulated overnight in the
presence or absence of live Mtb H37Rv (m.o.i.5 1) at 106 cells per well in 96-well
plates. Supernatants were then examined for lipidmediators or cytokines. In other
experiments, infected lung cells were re-suspended inmedia containingmonensin
(0.1%, Ebioscience) in thepresenceor absenceof 100mgml21 irradiatedMtbH37Rv
at 106 cells per well in 96-well plates and incubated at 37 uC, 5%CO2. 5 h later cells
were surface-stained, fixed/permeabilized and intracellular staining (ICS)performed.

Preparation of mixed bone-marrow chimaeric mice. B6.SJL (CD45.1/1) mice
were lethally irradiated (950 rad) and reconstituted with a total of 107 donor bone-
marrow cells from C57BL/6 CD45.1/2 wild-type (WT) mice mixed at equal parts
with bone-marrowcells frommice deficient (KO) inCD45.2/2 Il1r12/2.Micewere
allowed to reconstitute for 8–10weeks before aerosol infection with H37Rv.

In vitro c.f.u. assay.BMDMwere infected with virulent H37Rv at indicatedm.o.i.
At indicated time points, supernatants were collected and cells lysed in distilled
H20 for 5–10min. Supernatants and cell lysatewere combined to evaluate totalmy-
cobacterial growth by plating onMiddlebrook 7H10 agar plates and incubating at
37 uC for 21 days, after which c.f.u. were enumerated.

In vitro extracellular c.f.u. assay. BMDM were infected with virulent H37Rv at
m.o.i.5 3.At indicated timepoints, supernatantswere collected and cells trypsinized
for 5–10min. Supernatants and cell lysates were combined and acid-fast-stained
cytospin preparations were used to visualize and count intracellular AFB by light
microscopy. A minimum of 400–500 macrophages, number of bacteria per mac-
rophage and percentage of infectedmacrophages as well as cell-free bacteria, were
counted by microscopy. Alternatively, BMDM were infected with virulent Mtb
H37Rv expressing the red fluorescent protein (H37Rv-RFP) (gift from J. Ernst) at
m.o.i.5 3. At indicated time points, supernatants were collected and cells trypsi-
nized for 5–10min. Supernatants and cell lysates were combined to evaluated ex-
tracellular and intracellular mycobacterial growth by acquiring the samples on an
LSRII inside a BSL3 containment laboratory.

RT–PCR.Total RNAwas isolated from cell suspension using the RNeasy mini kit
(Qiagen, Valencia, CA). Briefly, cells were lysed in 400ml of RLT buffer containing
2-mercaptoethanol. Lysates were then passed throughQIA Shredder columns and
RNA isolated on Qiagen mini columns (Qiagen), according to the manufacturer’s
protocol. Total RNA from lung tissuewas isolated byhomogenizing the lung tissue
in TRIZOL (Life Technologies) and then using the Qiagen RNAeasy mini kit. In-
dividual RNA samples (100 ng–1mg each) were reverse-transcribed using Super-
script II (Invitrogen Life Technologies) and a mixture of oligo(dT) and random
primers. Real-time PCRwas performed on an ABI Prism 7900 sequence detection
system (Applied Biosystems). Relative quantities of mRNA for several genes were
determined using SYBR Green PCRMaster Mix (Applied Biosystems) and by the
comparative threshold cycle method, as described by Applied Biosystems for the
ABI Prism 7700/7900 sequence detection systems. In this method, mRNA levels
for each sample were normalized to hypoxanthine-guanine phosphoribosyl trans-
ferase (HPRT) mRNA levels and then expressed as a relative increase or decrease
inarbitrary units (AU).PrimersweredesignedusingRocheUniversalProbeLibrary
(Roche). The sequences of the specific primers are as follows:Hprt: forward, cctcc
tcagaccgcttttt; reverse, aacctggttcatcatcgctaa; Il1r2: forward, tctggtacctacatttgcacattc;
reverse, aaagaccttgagttccacagaca; Il1rn: forward, tgtgccaagtctggagatga; reverse, tt
ctttgttcttgctcagatcagt; Ifna: forward, aagcctgtgtgatgcagga; reverse, caggggctgtgtttc
ttctc; Ifnb: forward, ggaaagattgacgtgggaga; reverse, cctttgcaccctccagtaat.

Histopathology. Lungs were fixed by inflating the tissues with 4% formaldehyde,
sectioned and stainedwithhaematoxylin and eosin orby theZiehl–Neelsenmethod
to visualize acid-fast mycobacteria. The extent of the pulmonary inflammatory
response and was determined under light microscopy at magnifications of 320
and3100, respectively. The extent of necrosis in lungs was assessed microscop-
ically using a scale of 1–5, with 5 representing the most severe necrotic response.
All histological analyseswere performedonblinded specimensby a trained pathol-
ogist who scored all lesions on one lung section for each animal in the experiment.

Treatment of animals.To create a high type I IFN environment and to exacerbate
disease in WT B6 mice, mice were administered pICLC intranasally (i.n.) twice a
week (6mg in 30ml), as previously described15. For host-directed therapymicewere
given PGE2 i.n. twice a week (2mg in 30ml) or zileuton (Zyflo CR, Cornerstone
Therapeutics, Cary, NC) in drinking water ad libitum (6mgml21) or both starting
one day after infection, unless stated otherwise. For antibiotic treatmentmice were
fed by gavage daily with isoniazid (625mg), rifampicin (250mg) and pyrazinamide
(3.75mg) during the indicated time period.

Clinical cohort description for Chennai, India. Baseline plasma samples were
originated fromclinical protocols approvedby the InstitutionalReviewBoard (IRB)
of theNational Institute for Research in Tuberculosis (NIRT), NCT01154959 and
NCT00342017. Written informed consent was obtained from all participants or
their legally responsible guardians and all clinical investigations were conducted
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according to the principles expressed in theDeclaration ofHelsinki. Samples were
collected from a cohort of 97 subjects with active pulmonary TB (PTB), 14 indi-
viduals with latent TB infection (LTBI) and 20 healthy controls (HC) recruited as
part of a TB cohort study at the Government Stanley Medical Hospital and at TB
clinics supported by the National Institute for Research in Tuberculosis (NIRT),
Chennai, India and described previously31.
TB diagnosis was based on culture positivity of sputum smears. Three sputum

per subject were examined by fluorescencemicroscopy, processed by themodified
Petroff’smethod and cultured onLowenstein–Jensenmedium. Positive cultures of
M. tuberculosiswere graded as 11 (20–100 colonies), 21 (more than 100 discrete
colonies) and 31 (more than 100 colonies forming a confluent mass). A poster-
oanterior chest X-ray was performed determine the extent of lung disease (unilat-
eral vs. bilateral lesions), which was scored by three independent physicians from
NIRT. LTBI diagnosis was based on tuberculin skin test (TST) and Quantiferon
TB-gold ELISA positivity, absence of chest radiography abnormalities or pulmo-
nary symptoms and negative sputum smears and cultures. HC individuals were
asymptomatic with normal chest radiographies and negative sputum smears, cul-
tures, Quantiferon results (,0.35) and TST induration (,5mm in diameter). At
timeof enrolment, all individualswereHIV-negative, ATT-naive, BCG-vaccinated
and had no record of prior TB disease. All individuals were negative for type-2 dia-
betes on the basis of glycosylated haemoglobin (HbA1c) levels and random blood
glucose, according to the American Diabetes Association criteria (HbA1c levels
.6.5% and randomplasma glucose.200mgdl21). Haematologywas performed
on all individuals using the Act-5 Diff-hematology analyser (Beckman Coulter).
Plasma levels of C-reactive protein (CRP) were assessed using a Luminex-based
ELISA system (Bio-Rad, Hercules, CA). Study groups were similar with regard to
age and gender and a summary of the characteristics is shown in Supplementary
Tables 1 and 2 where the patients with active TB were compared according to the
sputum smear positivity. Individuals with positive sputum smears had higherCRP
values in plasma and presented more frequently with bilateral lung disease than
those with negative smears.
Clinical cohort description forZhengzhou,China.Personswith signs and symp-
toms indicative of active TB and who were HIV2 and administered less than two
weeks of anti-tubercular chemotherapy or community controls were enrolled into
a prospective clinical protocol to assess response to chemotherapy (NCT01071603)
conducted at theHenanChestHospital (HCH) from2010 to2012. IRBs fromHCH
andUSNational Institute for Allergy and Infectious Disease (Bethesda,Maryland)
reviewed and approved the protocol and written informed consent was obtained
from all participants. The protocol was conducted according to the ethical prin-
ciples embodied in the Declaration of Helsinki and local and national Chinese
regulations.
Participants described here were enrolled into one of the two cohorts for those

with pulmonary tuberculosis (sputum AFB smear1 cohort or the sputum AFB
smear2 cohort) based on the hospital’s initial results. The enrolled subjects all
underwent a chest CT, provided three sputum samples for AFB smear and culture
by both the BACTEC MGIT 960 system (Becton, Dickenson and Company) and
Lowenstein–Jensenmedium (Chuang Xin Company; Hangzhou, China), and had
blooddrawn for routinebloodchemistry andcytology aswell as several experimental
assays at enrolment. TheHCHradiologydepartmentprovided a scored assessment
of the chest CTs that included locations of disease by lobe, type of abnormalities
andnumber of cavities for eachCT.The sputumsmearswere preparedby theZeil–
Neilsenmethodusing 1%carbolfuchsine32 and scoredusing the InternationalUnion
AgainstTuberculosis andLungDisease (IUATLD) scale. The94 subjects included in
this analysis of the twoPTBcohortswere confirmed tomatch their cohort definition,
and to have abnormal chest CT scans consistent with active PTB. Fifteen percent
of the subjects had a history of treatment for TB and less than 5% had a history of
diabetes. Healthy community controlswere recruited fromZhengzhou, China and
included hospital personnel but excluded persons known to have a history of tu-
berculosis orHIV infection. Each enroleewas given a physical examination, a chest
CT, and the same microbiologic, biochemical and cytology tests administered to
the patient cohorts. Those HC and LTBI participants presented in this analysis
lacked radiologic andmicrobiological signs of activeM. tuberculosis infection and
had no pulmonary symptoms of tuberculosis, 14 individuals were found to have
latent TB infection as indicated by a positive Quantiferon Gold in-the-tube test
result and the remaining 11 had a negative result. BCG vaccination is adminis-
tered in China and themajority of trial enrolees had a scar fromvaccination so the
TST was not administered. Haematology was performed on all individuals using
the SysmexXt-1800i (Sysmex co., LTD, Japan). Plasma levels ofC-reactive protein
(CRP) were assessed using an Olympus Chemistry Analyzer (Beckman Coulter)

and the Nanopia CRP kit (Sekisui Medical Co. LTD, Japan). A summary of the
patient characteristics of all study groups is shown in SupplementaryTable 3. Sup-
plementary Table 4 compares characteristics of subjects with active TB based on
their sputum smear positivity. Supplementary Table 5 compares characteristics of
patients within the PTB group that were further stratified into mild (AFB2, uni-
lateral lung lesions) and severe disease (AFB$ 11, and bilateral lung lesions).

Statistical analysis of clinical data sets.Median values with interquartile ranges
were used as measures of central tendency. First, anthropometric and haematolo-
gical characteristics were compared between the groups of patients with different
clinical categorizations (HC, LTBI and PTB) using the non-parametric Kruskal–
Wallis test (for continuous variables) or the chi-square test (for categorical variables)
(Supplementary Table 1 for India, Supplementary Table 3 forChina). Further ana-
lyses compared the distribution of the same anthropometric and haematological
parameters amongPTBpatientswithpositive identificationof acid fast bacilli (AFB)
in sputumsmears and thosewithnegative smears using theMann–Whitney test (for
continuousvariables) of theFisher’s exact test (for categorical variables) (Supplemen-
taryTable 2 for India, SupplementaryTable 4 forChina).Mann–Whitney or Fisher’s
exact tests, which compared distributions of parameters were used to infer clinical
severity between PTB patients with unilateral lung lesions and negative sputum
smears (mild TB) and those with bilateral lesions and positive smears (severe TB).
This analysis was limited to the Chinese data set, since the Indian data set did not
include all the clinical parameters required for this specific test (Supplementary
Table 5).

Plasma concentrations of cytokines and lipidmediatorswere comparedbetween
clinical groups (HC, LTBI, PTB AFB2 and PTB AFB1) using the Kruskal–Wallis
testwith thenon-parametricMann–Kendall linear trendpost hoc comparison. This
type of post hoc test was specifically used to assess the general trend of variation of
theplasmavalues of eachplasma factor according to thedegreeof infectiousburden
(Supplementary Table 6 and 7). A similar approachwas used considering the exact
AFB sputumgrade,where upward and downward trendswere observed depending
on the threshold of AFB grade considered (Fig. 3b).

The distribution values for each plasma factor used are shown in Supplementary
Table 6 for India and Supplementary Table 7 for China.

Canonical correlation analysis (CCA)modellingwas employed to assesswhether
combinations of circulating factors of the IL-1, IFN and eicosanoids pathways can
discriminate betweenpatients that present different degrees ofTB severity (Fig. 3a).
The CCAmodel was chosen as the number of variables studied was relatively high
(13 variables were investigated in 131 individuals from India and 119 fromChina).
Thismodel is able to performdimensionality reduction for two co-dependent data
sets (CC1 and CC2) simultaneously so that the discrimination of the clinical end-
points represents a combination of variables that are maximally correlated. Thus,
trends of correlations between parameters in different clinical groups rather than
their respective distribution within each group are the key components driving the
discrimination outcome. In our CCA model, simplified and adapted from prev-
iously reported investigations of biomarkers for TB diagnosis28, linear regression
graphs represent coefficients from different combinations of plasma factors. The
combinations of parameters used were the ones resulting in maximum values for
correlation analysis first in India, and then applied without modifications in the
Chinese data set. In the x-axis, the canonical coefficient (CC1) values were com-
posed with data from the following variables: IL-1a, IL-1b, IFN-c, IFN-b, IFN-a,
IL-10, sIL1R1, sIL1R2 and IL1Ra. In the y-axis, the variables considered for the
canonical coefficient (CC2) were: PGF2a, PGE2, LXA4 and 15-LXA4 (Fig. 3a).
The diagnostic class prediction values obtained for each study site are shown in
SupplementaryTable 8 andwere calculated using receiver operator characteristics
curve analysis. The statistical analyses were performed using JMP 10 (SAS, Cary,
NC), STATA 10 (StataCrop LP, College Station, TX) and GraphPad Prism 6.0
(GraphPad Software, San Diego, CA).

Statistical analyses.The statistical significance of differences between data groups
was determined using theMann–Whitney test,Wilcoxonmatchedpairs test or the
Mantel–Cox test usingGraphPadPrism6.Averageswith s.d. are shown. *P# 0.05;
**P, 0.005; ***P, 0.0005; significant differences compared as indicated in fig-
ure by lines or compared to WT control groups.

31. Andrade, B. B. et al. Plasma heme oxygenase-1 levels distinguish latent or
successfully treated human tuberculosis from active disease. PLoS ONE 8,
e62618 (2013).

32. Humason, G. L. in Animal Tissue Techniques Ch. 20, 355 (W. H. Freeman, 1979).
33. Redford, P. S. et al. Influenza A virus impairs control ofMycobacterium

tuberculosis co-infection through a type I interferon receptor dependent
pathway. J. Infect. Dis. 209, 270–274 (2014).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2014



L
X

A
4
 (

n
g
/m

l)

Il1
r1
-/
-

W
T

0

0.5

1.0

1.5

2.0

**

COX-2

%
 o

f 
M

a
x

CD45.1/2
WT B6 BM

CD45.2/2

Il1r1-/- BM

CD45.1/1
WT B6 recipient

1:1

0

2

4

6

8

ns
ns

 I
L

-1
2

/2
3

p
4

0
 p

o
s
it
iv

e
 (

%
)

Mtb

KOWT KOWT

unst.

20

30

40

50

60

 T
N

F
α

 p
o

s
it
iv

e
 (

%
)

Mtb

KOWT KOWT

unst.

ns

ns

0

5

10

15

20

iN
O

S
 p

o
s
it
iv

e
 (

%
)

Mtb

KOWT KOWT

unst.

ns
ns

CD45pos, autofl.neg , 

CD11bpos,Ly6Gneg, 
CD68pos, Live

0

0.2

0.4

0.6

0.8

1.0

1.2

**

P
G

F
2
α

 (
n
g
/m

l)

Il1
r1
-/
-

W
T

0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

1
5

-E
p

i-
L

X
A

4
 (

n
g

/m
l)

ns

Il1
r1
-/
-

W
T

Il1
r1
-/
-

W
T

L
T

B
4
 (

p
g
/m

l)

0

20

40

60

80

100

***

b c

e f

p=0.0018
100

90

80

70

60%
 C

O
X

-2
 p

o
s
it
iv

e **

WT

CD45.1/2

Il1r1-/-

CD45.2/2

d

F
A

C
S

 p
u

ri
fi
e

d
 

lu
n

g
 c

e
lls

 d
2

8
 p

.i
.

NK1.1neg,TCRbneg, Live

P
G

E
2
 (

n
g
/m

l)

4

3

2

1

0
Mtbunst.

0

5

10

15

20

25

30

35

IL
1

2
/2

3
 p

4
0

 (
n

g
/m

l)

WT Il1r1-/-

 a

ns

0

10

20

30

40

50

60

70

80

90

N
O

 (
u
M

)

 

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
N

F
α

 (
n

g
/m

l)
WT Il1r1-/- WT Il1r1-/-

ns ns

***

CD45pos,autofl.neg,CD11bpos ,Ly6G neg,CD68pos,Live

CD45pos, autofl.neg , 

CD11bpos,Ly6Gneg, 

Extended Data Figure 1 | Lipid mediator production and COX2 expression
in Il1r12/2animals and mixed bone-marrow chimaeric mice after Mtb
infection. a, IL12/23 p40, TNF-a or NO measured in supernatants of WT
and Il1r12/2 BMDM after exposure to live Mtb (m.o.i.5 3). b, CD45.1/1 mice
were lethally irradiated and reconstituted with equal ratios of WT (CD45.1/2)
and Il1r12/2(CD45.2/2) bone-marrow cells and infected with Mtb.
c, Frequency of IL-12/23p40, TNF-a or iNOS expression inWT (white circles)
or Il1r12/2(KO, dark circles) total CD68pos mononuclear myeloid cells, gated
as indicated. Each connecting line depicts an individual animal. Data in are
representative of two independent experiments with 3–5 mice each. Paired
t-tests P values are indicated (n.s., not significant). d, PGF2a, 15-Epi-LXA4,
LXA4 or LTB4 concentrations in BALF 25 days after Mtb infection of WT or

Il1r12/2mice. e, Pulmonary single-cell suspensions from day 28 Mtb-infected
WT mice were FACS-sorted based on indicated surface marker expression
and cultured for 16 h, with (white bars) or without addition of Mtb (grey bars),
after which PGE2 was measured in culture supernatants. f, Analysis of donor
bone-marrow derived CD68pos myeloid cells 4weeks p.i. in isolated lung
cells marked by CD45.1 and CD45.2 expression for COX-2 protein expression
(left, filled histogram: WT cells; thick line: Il1r12/2 cells; dotted line: isotype
control) and frequency (right) of COX-2 expression by WT (white circles) or
Il1r12/2(dark circles) total CD68pos mononuclear myeloid cells. Each
connecting line depicts an individual animal. AU, arbitrary units. Data are
representative of two independent experiments with 3–5 mice each. Paired
t-tests P values are indicated (n.s., not significant).
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as well as the frequency of infected macrophages (d). 4–5 view fields, a total
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***P# 0.0005 significant differences compared to WT cells. e, H37Rv-RFP
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measured by FACS. ***P# 0.0005 significant differences in indicated
comparisons. Data shown are the means6 s.d. and are representative of 2
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Extended Data Figure 3 | Role of COX-2 in IL-1-dependent PGE2 synthesis
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Extended Data Figure 4 | IL-1 type I IFN crosstalk. a, IL-1b and IL1Ra
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rhIFN-b. Differences were compared as indicated by lines. c, PGE2
concentrations in culture supernatants of primary human MDM from 7
healthy donors, 24 h after Mtb infection (m.o.i.5 5) in the presence or absence

of rhIFN-b, rhIL-1a and Il-1b or PGE2. Differences were compared as
indicated by lines. d, WT (white) or Il1a,Il1b2/2 (light grey) BMDM were
infected with increasing m.o.i. of Mtb in vitro. mRNA expression of indicated
geneswas determined at 40 h. e,WT (white) or Il1a,Il1b2/2 (light grey) BMDM
were infected with m.o.i.5 3 of Mtb in vitro in the presence or absence of
recombinant murine IL-1a, IL-1b or both. mRNA expression of indicated
genes was determined at 40 h. Data shown are the means6 s.d. and are
representative of 2 independent experiments.
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Extended Data Figure 5 | Cytokine expression in Mtb-infected pICLC-
treatedWTmice. WTmice were treated with pICLC (1) or without (2, PBS)
intranasally twice a week, starting day 1 after aerosol challenge with Mtb.
a–c, c.f.u. (a), FACS analysis of dead cells (b) and indicated cytokinesmeasured

in BALF at 4weeks post infection (c). d, Indicated cytokines and eicosanoids
were measured by ELISA in lung homogenates, BALF and serum 4weeks p.i.
Data are representative of a minimum of 3 independent experiments with a
minimum of 4 mice per group.

RESEARCH LETTER

Macmillan Publishers Limited. All rights reserved©2014



ns

0

20

40

60

80

100

Time post infection (days)

0 20 40 60

d0

100-150 CFU
H37Rv by aerosol

Zileuton in drinking water

d3 d7 d10 d14 d17 d21 d24...

2x weekly PGE2 i.n.

WT (PBS)

WT (PGE2 + Zileuton)

Il1a, Il1b-/- (PGE2 + Zileuton)

Il1a, Il1b-/- (PBS) 

f Ifng-/- (PBS) 

Ifng-/-
(PGE2 + 
Zileuton)

Tnfa-/- (PBS) 

Tnfa-/- 
(PGE2 + 
Zileuton)

0

20

40

60

80

100

ba

e
Il1r1-/- (PBS) Il1r1-/- (PGE2+ Zileuton)d22 

0

1

2

3

4

5

6

7

8

9

WT Il1r1 -/-

 PGE2 + 

Zileuton

PBS

L
u

n
g

 i
n

fl
a

m
m

a
ti
o

n
 (

%
 a

re
a

 a
ff
e

c
te

d
, 
A

U
)

*

0

1

2

3

4

5

6

7

8

9

WT Il1r1 -/-

 PGE2 + 

Zileuton

PBS

A
c
id

 F
a

s
t 
B

a
c
ill

i
 (

A
rb

it
ra

ty
 U

n
it
s
, 
A

U
) ***

0

1

2

3

4

5

WT Il1r1 -/-

 PGE2 + 

Zileuton

PBS

*
ns

nsns

N
e

c
ro

s
is

 (
A

rb
it
ra

ty
 U

n
it
s
, 
A

U
)

d

0

10

20

30

40

50

60

L
iv

e
/D

e
a

d
 p

o
s
it
iv

e
 (

%
) 

(L
u

n
g

, 
u

n
g

a
te

d
)

 PGE2 + 
Zileuton

PBS

*

***

S
u

rv
iv

a
l 
(%

)
S

u
rv

iv
a

l 
(%

)

0 20 3010
60

70

80

90

100

110

B
o

d
y
 w

e
ig

h
t 
(%

)
0 20 3010

Il1a, Il1b
-/-

 (PGE2 + Zileuton)

Il1a, Il1b -/- (PBS) 

WT (PBS)

WT (PGE2 + Zileuton)

Time post infection (days)

3.5

4.5

5.5

5.0

4.0

6.5

B
A

L
F

, 
C

F
U

 (
L

o
g

1
0
) ***

ns

WT Il1a,Il1b-/-

 PGE2 + 

Zileuton

PBS

c

503010

0 20 40 60503010

ns

g

Time post infection (days)

0

20

40

60

80

100

S
u

rv
iv

a
l 
(%

)

0 20 40 60503010

Il1r1-/-

Il1r1-/-

(Zileuton)

Il1r1-/-

(PGE2)

(PBS) 

Il1r1-/-

Il1r1,Alox5 -/-

Alox5-/-

0

20

40

60

80

100

S
u

rv
iv

a
l 
(%

)

0 20 40 8060

p=0.0414

*

WT Il1a,Il1b-/-

Extended Data Figure 6 | PGE2 administration and 5–LO inhibition in IL-
1-deficient animals reduces necrotic pathology and increases bacterial
control. a, Experimental design for host-directed therapy with PGE2 and
zileuton inMtb-infectedmice. b,Weight loss (travelling error bars indicate s.d.,
n5 6) during Mtb infection of WT (left) or Il1a,Il1b2/2 (right) mice treated
with or without i.n. PGE2 and zileuton. c, d, Bacterial loads in BALF (c) or
FACS analysis (d) of dead cells 21 days after aerosol exposure to Mtb (H37Rv)
in lungs of WT or Il1a,Il1b2/2 treated with or without i.n. PGE2 and zileuton.
e, Representative haematoxylin-and-eosin-staining of lung lobes of untreated
Il1r12/2 or treated Il1r12/2 with i.n. PGE2 and zileuton in drinking water
(top panels). Bottom panels show the relative number of acid fast bacilli, lung
inflammation (% lung affected, mean granuloma sizes) and degree of necrosis

scored blindly by a trained pathologist. Differences were compared as indicated
by lines. Data shown are representative of two independent experiments with a
minimum of 6 mice per group. f, Survival after aerosol exposure to Mtb
(H37Rv) of Ifng2/2 (top panel) or Tnfa2/2 (bottom panel) untreated (PBS)
or treated i.n. PGE2 (twice a week) and zileuton (in drinking water) starting at
day 1 p.i. Data shown are representative of three independent experiments with
a minimum of 4 mice per group. g, Survival after aerosol exposure to Mtb
(H37Rv) of Il1r12/2 (top panel) treated with either PGE2 or zileuton. Data
shown are representative of two independent experiments with a minimum
of 4 mice per group. Bottom panel shows survival of Il1r12/2, Alox52/2 or
Il1r1,Alox52/2 mice. Data shown are representative of three independent
experiments with a minimum of 4 mice per group.
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Extended Data Figure 7 | PGE2 and/or 5–LO inhibition in pICLC-treated
WTmice reduces necrotic pathology and increases bacterial control. a, WT
micewere treatedwith pICLCorwithout (PBS) intranasal twice aweek, starting
day 1 after aerosol challenge with Mtb. Representative haematoxylin-and-
eosin-staining of lung lobes of untreatedWT (PBS), pICLC-treated or pICLC-
treated with i.n. PGE2 and zileuton in drinking water (left panels) threeweeks
after Mtb infection. Right panels show the relative number of acid fast bacilli,
lung inflammation (% lung affected, mean granuloma sizes) and degree of
necrosis scored blindly by a trained pathologist. Differences were compared as
indicated by lines. Data shown are representative of two independent
experiments with a minimum of 4 mice per group. b, WTmice were treated as
indicated in figure. Weight loss in experimental groups was normalized to
time of moribundity of last remaining mouse in pICLC group (between day 40
and day 100, depending on experiment). For pICLC group (black), weight loss

is shown for each animal at time of moribundity. Data shown are combined
from three individual experiments with 3–7 mice per group. Differences were
compared to pICLC (black) group. c, WT mice were untreated (PBS) treated
with pICLC or pICLC, PGE2 and zileuton intranasally starting day 1 after
aerosol challenge with Mtb. 3weeks post infection IL1Ra was measured by
ELISA in BALF and serum. Data shown are representative of two independent
experiments with a minimum of 4 mice per group. d, Bacterial loads 28 days
after aerosol exposure to Mtb (H37Rv) in BALF of pICLC-treated WT (black)
mice with or without i.n. PGE2 (yellow) or zileuton (orange) or a combination
of both (red) as indicated in figure. e, PGE2 and IFN-b concentrations in
BALF of indicated mice 4weeks p.i. ***P# 0.0005, significant differences
compared to pICLC (black)-treated group. Data shown are representative of
three independent experiments with a minimum of 4 mice per group.
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Extended Data Figure 8 | Host-directed therapy with PGE2 and zileuton
does not interfere with antibiotic treatment. Bacterial loads in C3HeB/FeJ
mice 43 days p.i. with 100–150 c.f.u. H37Rv, treated or untreated with PGE2
intranasally and zileuton in drinking water. Starting day 24 p.i. antibiotic

treatment with rifampicin, pyrazinamide and isoniazid was given 53 a week
until one day before collection. a, b, Bacterial loads in BALF (a) and lungs (b).
Differences were compared as indicated by lines. Data shown are from one
experiment with 5–7 mice per group.
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Extended Data Figure 9 | IL-10, but not LTB4 or 12/15-LO, is required for
type I IFN-driven disease exacerbation of pICLC-treated WT animals
infected with Mtb. a, WT or Ifnar12/2 mice were treated with pICLC or
without (PBS) intranasal twice a week, starting day 1 after aerosol challenge
with Mtb. Weight loss in experimental groups was normalized to time of
moribundity of last remaining mouse in pICLC group (black) for each
independent experiment. For pICLC group (black), weight loss is shown for
each animal at time of moribundity. Data shown are combined from two
individual experiments with 3–7mice per group. Differences were compared as
indicated by lines. b,WT orAlox52/2micewere treatedwith pICLCorwithout
(PBS) intranasally twice a week or administered zileuton in the drinking water.
Data shown are representative of two individual experiments with 4–8mice per
group. Differences were compared as indicated by lines. c, WT or Il102/2mice
were treatedwith pICLCorwithout (PBS) intranasally twice a week. For pICLC
group (black), weight loss is shown for each animal at time of moribundity.

Data shown are representative of two individual experiments with 3–8mice per
group. Differences were compared as indicated by lines. Survival (right panel)
of WT or Il102/2 mice treated with (dark grey lines) or without (light grey
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Extended Data Figure 10 | Schematic summary of IL-1–type I IFN counter-
regulation during Mtb infection. a, Virulent Mtb directly induces IL-1a and
IL-1b as well as type I IFNs in myelophagocytic cells. Whereas IL-1 is required
for bacterial control, type I IFNs are considered detrimental because they can
exert pro-bacterial effects. During low-dose aerosol infection in WT B6 mice
the balance of these two pathways establishes an inflammatory equilibrium that
allows for containment of bacilli and chronic infection and thus models certain
aspects associated with latency in TB patients. This is achieved by an antagonist
relationship whereby type I IFNs inhibit IL-1a/b directly as well as through
induction of IL-10 and IL1Ra, while in the opposing direction IL-1a/b limit
type I IFNs through COX-2-mediated PGE2 induction. b, In the absence of IL-
1, PGE2 fails to inhibit type I IFNs and the equilibrium is disturbed. This leads

to excessive type I IFN expression that in turn causes increased bacterial
replication and pathology, thus modelling the type I IFN-associated
uncontrolled active disease that occurs in a subset of TB patients20–22.
c, Likewise, experimental induction of type I IFNs by pICLC or viral co-
infections33 creates a detrimental environment with uncontrolled bacterial
growth and extracellular bacteria, ultimately resulting in loss of host resistance
and increased mortality. d, HDT targeting PGE2, either directly or indirectly
by enhancing PGE2 levels via 5-LO inhibitionwith zileuton, returns the system
to a non-pathological steady state by limiting type I IFN-driven disease
exacerbation, bacterial replication and pulmonary necrosis. Green arrows
indicate inductive and red lines inhibitory pathways.
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