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SUMMARY

We studied the factors that regulate IL-23 receptor expression and IL-17 production in human

tuberculosis infection. Mycobacterium tuberculosis (M. tb)-stimulated CD4+ cells from

tuberculosis patients secreted less IL-17 than did CD4+ cells from healthy tuberculin reactors

(PPD+). M. tb cultured monocytes from tuberculosis patients and PPD+ donors expressed equal

amounts of IL-23p19 mRNA and protein, suggesting that reduced IL-23 production is not

responsible for decreased IL-17 production by tuberculosis patients. Freshly isolated and M. tb-

stimulated CD4+ cells from tuberculosis patients had reduced IL-23 receptor and phosphorylated

STAT3 (pSTAT3) expression, compared to PPD+ donors. STAT3 siRNA reduced IL-23 receptor

expression, and IL-17 production by CD4+ cells from PPD+ donors. Tuberculosis patients had

increased number of PD-1+ T cells compared to healthy PPD+ individuals. Anti-PD-1 antibody

enhanced pSTAT3 and IL-23R expression and IL-17 production by M. tb cultured CD4+ cells of

tuberculosis patients. Anti-tuberculosis therapy decreased PD-1 expression, increased IL-17 and

IFN-γ production and pSTAT3, IL-23R expression. These findings demonstrate that increased

PD-1 expression and decreased pSTAT3 expression reduces IL-23 receptor expression and IL-17

production by CD4+ cells of tuberculosis patients.
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INTRODUCTION

T cells play a crucial role in protective immunity against Mycobacterium tuberculosis (M.

tb) and other intracellular pathogens [1-4]. Recent studies have shown that IL-17, a

proinflammatory cytokine that is produced predominantly by memory T cells, contributes to

immunity against M. tb [5-7]. IL-17 plays an important role in vaccine-induced protective

immune responses against M. tb infection [6]. After vaccination with M. bovis Bacille

Calmette Guerin (BCG), IL-17 induces chemokine production that recruits IFN-γ-producing

T cells which inhibit bacterial growth after infection with M. tb [6]. IL-1, IL-6, TGF-β and

IL-23 produced by antigen presenting cells were shown to induce IL-17 production in

various experimental systems [8-10]. Previously, we found that Ag-experienced CD4+ cells

are the major source for IL-17, and that IL-23, but not TGF-β or IL-1 or IL-6, contributes to

IL-17 production in human M. tb infection [10]. We also found that NKG2D expressed on

CD4+ cells interacts with ULBP1 on M. tb-infected mononuclear phagocytes to enhance

IL-23 secretion by mononuclear phagocytes, which in turn favors IL-17 production by

CD4+CD62L− cells [10].

There are conflicting reports about IL-17 production in tuberculosis patients. In one report,

CD4+ cells from tuberculosis patients produced less IL-17 in response to M. tb antigens than

CD4+ cells from healthy donors [11], but the underlying mechanisms were not defined. In

contrast, other studies have found that tuberculosis patients have increased Th17 responses

[12] and that IL-17 production in tuberculosis patients correlates with disease severity [13].

Another study found no difference in IL-17-producing cells between uninfected individuals,

persons with latent tuberculosis infection and patients with active tuberculosis [14].

In the current study, we compared M. tb-induced IL-17 production by CD4+ cells of healthy

tuberculin reactors (PPD+ donors) with that of tuberculosis patients, and identified the

signaling molecules that regulate IL-17 production by CD4+ cells. We found that increased

PD-1 expression reduces expression of phosphorylated STAT3 (pSTAT3) leads to decreased

IL-23R expression, which in turn decreases IL-17 production by CD4+ cells in tuberculosis

patients.

RESULTS

CD4+ cells from tuberculosis patients produce less IL-17 upon M. tb stimulation

CD4+ cells from PPD+ donors produced IL-17 in response to autologous M. tb-stimulated

monocytes [10]. In this study, we isolated CD4+ cells and CD14+ cells from PBMC of 10

PPD+ donors and 10 tuberculosis patients and cultured in the presence or absence of γ-

irradiated M. tb H37Rv (10 μg/ml) for 96 h. IL-17 levels in M. tb-stimulated culture

supernatants from tuberculosis patients were reduced by 85%, compared with those from

PPD+ donors (48 + 86 pg/ml versus 314 + 241 pg/ml, p < 0.05, Fig. 1).
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IL-23 production is similar in tuberculosis patients and PPD+ donors

IL-23 produced by M. tb-stimulated monocytes, but not TGF-β, IL-1 or IL-6, contributed to

IL-17 production in persons with latent tuberculosis infection [10]. To determine if reduced

IL-17 production by CD4+ cells of tuberculosis patients is due to less IL-23 production,

CD14+ monocytes from 5 PPD+ individuals and 5 tuberculosis patients were cultured with

or without γ-irradiated M. tb H37Rv for 48 h. IL-23 levels in M. tb-stimulated culture

supernatants from tuberculosis patients were similar compared to PPD+ donors (21 ± 13

pg/ml versus 18 ± 3 pg/ml, Fig. 2A). When monocytes from 10 PPD+ donors and 9

tuberculosis patients were cultured with γ-irradiated H37Rv, IL-23p19 mRNA expression

was also similar (Fig. 2B).

IL-23 receptor expression by CD4+ cells is reduced in tuberculosis patients

IL-23 binds to IL-23R on CD4+ cells, leading to initiation of signaling pathways for the

production of IL-17. We compared IL-23R expression by CD4+ cells of freshly isolated

PBMC obtained from PPD+ donors and tuberculosis patients, using flow cytometry. The

mean fluorescence intensity (MFI) was 334 ± 133 for 8 PPD+ donors and 171 ± 67 for 7

tuberculosis patients (p = 0.04, Fig. 3A). Similarly, IL-23R mRNA expression by freshly

isolated CD4+ cells of PPD+ individuals was 3 fold higher compared to tuberculosis

patients (p = 0.01, Fig. 3B). Next, CD4+ cells from PBMC of PPD+ individuals and

tuberculosis patients were cultured with autologous monocytes in medium alone, or with γ-

irradiated M. tb H37Rv. After 96 h, surface staining for CD4 and IL-23R was performed.

IL-23R expression on gated CD4+ cells was increased in 9 PPD+ donors compared to 7

tuberculosis patients (MFI 332 ± 208 versus 237 ± 172, p = 0.01, Fig. 3C). Further we

isolated CD4+ cells in the above cultured cells and measured IL-23R mRNA expression in 7

PPD+ individuals and 9 tuberculosis patients. IL-23R mRNA expression was also reduced in

tuberculosis patients, compared to PPD+ donors (0.6 ± 0.5 versus 2.0 ± 0.5 arbitrary units, p

= 0.002, Fig. 3E).

Expression of pSTAT3, but not SOCS3, is reduced in tuberculosis patients

Because STAT3 and SOCS3 contribute to IL-17 production in various experimental models

[15;16], we determined if altered expression of these molecules reduced IL-17 production in

tuberculosis patients. PBMC from PPD+ donors and tuberculosis patients were isolated and

surface staining for CD4+ cells and intracellular staining for pSTAT3 and SCOS3 was

performed. The percentage of CD4+pSTAT3+ and CD4+SCOS3+ cells was determined by

flow cytometry. In 10 PPD+ donors the percentage of CD4+pSTAT3+ cells was 7.9 ± 4.9%

compared to 3.4 ± 2.3% in 9 tuberculosis patients (Fig. 4A, p = 0.04). The percentage of

CD4+SOCS3+ cells was similar in 8 PPD+ individuals and in 8 tuberculosis patients (8.4 ±

5.4% versus 9.7 ± 6.8%, Fig. 4B). We next cultured CD4+ cells from 11 PPD+ donors and

11 tuberculosis patients with autologous monocytes, with or without γ-irradiated M. tb

H37Rv. After 96 h, expression of pSTAT3 and SOCS3 were measured by intracellular

staining. Similar to findings in fresh cells, the percentage of CD4+pSTAT3+ cells in 11

tuberculosis patients was less compared to 11 PPD+ donors (6.0 ± 3.5% versus 15.9 ± 6.4%,

p = 0.04, Fig. 4C). As in fresh cells the percentage of SOCS3+ cells was similar in 9 healthy

donors and 9 tuberculosis patients (14.8 ± 7.1% versus 21.8 ± 18.2%, Fig. 4D).
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STAT3 regulates IL-23R expression and IL-17 production

In the above experiments, expression of pSTAT3 and IL-23R was decreased in tuberculosis

patients. We next asked whether STAT3 regulates IL-23R expression and IL-17 production

by using STAT3 siRNA. Inhibition of STAT3 was confirmed by real-time PCR analysis

(approximately 70% inhibition). In 9 healthy PPD+ donors, STAT3 siRNA inhibited M. tb-

induced IL-17 production by CD4+ cells from 549 ± 416 pg/ml to 100 ± 97 pg/ml (p = 0.03,

Fig. 5A). Similarly, in 5 healthy PPD+ donors, STAT3 siRNA inhibited IL-23R mRNA

expression by M. tb induced CD4+ cells by about 5 folds compared to control siRNA (p =

0.05, Fig. 5B). These findings indicate that STAT3 increases IL-23R expression, which in

turn induces IL-17 production by CD4+ cells in response to M. tb.

PD-1 contributes to reduced STAT3, and IL-23R expression and IL-17 production

PD-1 knockout mice are extraordinarily susceptible to M. tb and produce high levels of

IL-17 during infection, compared to wild type mice [17;18]. To determine the role of PD-1

in IL-17 production by tuberculosis patients, first we measured PD-1 expression by freshly

isolated CD3+ cells. In 5 PPD+ individuals, the percentages of CD3+PD-1+ cells were 9.3 ±
6.6, compared to 27 ± 13 in 7 tuberculosis patients (p < 0.03, Fig. 6A). Next we cultured

CD4+ cells and autologous monocytes of tuberculosis patients with γ-irradiated M. tb

H37Rv, with anti-PD-1 neutralizing Ab (10 μg/ml) or isotype Ab (10 μg/ml). After 96 h,

IL-23R expression was measured by flow cytometry. The MFI of IL-23R-expressing CD4+

cells in M. tb stimulated and isotype Ab cultured cells was 140 ± 95, and this was increased

marginally to 161 ± 97 with the addition of anti-PD-1neutralizing Ab (p = 0.05, Fig. 6B).

Similarly, anti-PD-1 antibody neutralization increased the percentage of CD4+pSTAT3+

cells from 4.1 + 2.5 (isotype Ab cultured cells) to 6.1 ± 2.4 (p = 0.02, Fig. 6C). In 5

tuberculosis patients, we also measured IL-17 levels in the above culture supernatants. IL-17

levels in unstimulated culture supernatants were 93 ± 119 pg/ml and this was not

significantly increased upon culturing with M. tb and isotype antibody (210 ± 260 pg/ml). In

contrast, neutralization of PD-1 increased IL-17 levels to 418 ± 355 pg/ml (p = 0.04, Fig.

6D).

Anti-tuberculosis therapy decreases PD-1 expression and increases IL-17 production

We determined the effect of anti-tuberculosis therapy on PD-1, pSTAT3, IL-23R expression

and IL-17 and IFN-γ production. We first measured PD-1 expression by CD3+ cells. In 11

untreated patients, the percentages of CD3+PD-1+ cells were 18.3 ± 5.4, compared to 6 ± 2

in 10 treated (2 years after anti-tuberculosis therapy, p < 0.0001, Fig. 7A). Next, we isolated

CD4+ cells and CD14+ cells from PBMC of 5 untreated tuberculosis patients and 5 treated

(2 years after anti-tuberculosis therapy) and cultured in the presence or absence of γ-

irradiated M. tb H37Rv for 96 h. IL-17 levels in M. tb-stimulated culture supernatants of

treated tuberculosis patients were 22 fold higher compared with those from untreated

patients (189 ± 75 pg/ml versus 8 ± 7 pg/ml, p = 0.006, Fig. 7B). Similarly, IFN-γ levels in

M. tb-stimulated culture supernatants of treated tuberculosis patients were 3.5 fold higher

compared with those from untreated patients (409 ± 87 pg/ml versus 125 ± 45 pg/ml, p =

0.0002, Fig. 7C). We also determined pSTAT3 expression and IL-23R expression by CD4+

of the above cultured cells. The percentage of pSTAT3 expressing CD4+ cells of treated
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tuberculosis patients was 12 ± 2.5 % compared to 8.5 ± 2 % (p = 0.02, Fig. 7D) in untreated

tuberculosis patients. Similar to the above findings the mean florescence intensity of IL-23R

expressing CD4+ cells of treated patients was 320 ± 67 compared to 167 ± 61 in untreated

patients (p = 0.01, Fig. 7E).

DISCUSSION

IL-17 contributes to BCG vaccine-induced immunity to M. tb in mouse models [5-7]. In

humans with latent tuberculosis infection, we previously found that antigen-experienced

CD4+CD62L− cells are the major source for IL-17, and that NKG2D expressed on T cells

interacts with ULBP-1 on M. tb-stimulated monocytes to induce IL-23, which in turn

enhances IL-17 production [10]. In this report, we found that in response to M. tb, CD4+

cells from tuberculosis patients produce less IL-17 compared to healthy PPD+ individuals.

Reduced IL-17 production by CD4+ cells of tuberculosis patients was not due to decreased

IL-23 secretion by monocytes, but was associated with decreased expression of transcription

factor, STAT3 and IL-23R by CD4+ cells. STAT3 siRNA inhibited IL-23R expression and

IL-17 production by CD4+ cells of healthy PPD+ individuals. The percentage of PD-1+ T

cells were significantly higher in tuberculosis patients PBMC compared to healthy PPD+

individuals PBMCs. Neutralization of PD-1, significantly increased pSTAT3, and IL-23R

expression and IL-17 production by CD4+ T cells of tuberculosis patients in response to M.

tb. Anti-tuberculosis therapy decreased PD-1 expression and increased IL-17 production.

Our study provides the first evidence that defective IL-17 production in tuberculosis patients

is due to reduced IL-23R expression, which is in turn regulated by pSTAT3 and PD-1.

IL-17 is an inflammatory cytokine produced by CD4+, CD8+ and γδ T cells, that can cause

autoimmunity, enhance transplant graft rejection, and contribute to anti-tumor immunity and

resistance to several intracellular pathogens, including M. tb [5-7;19-23]. The overall effects

of IL-17 may favor or harm the host, depending on the pathogen and stage of infection. In

HIV infection, disease progression is associated with loss of Th17 cells [24] and IL-17-

secreting innate lymphoid cells are essential for host defense against certain fungi [25;26].

In contrast, IL-17 aggravates chronic hepatitis B infection [27], increases pathology in

human schistosomiasis [28] and worsens inflammation in patients with Dengue virus

infection [29]. In mouse models, IL-17 also increases lung inflammaton in

Mycoplasmapneumoniae and Chlamydophilapneumoniae infection, and exacerbates

pathology in Pseudomonasaeruginosa infection [30-32].

Studies in murine models have clearly shown that IL-17contributes to protective immunity

against challenge with M. tb after BCG vaccination, given either subcutaneously or through

mucosal routes [32-35]. However, the role of IL-17 during primary M. tb infection is less

clear. IL-17 production precedes the development of IFN-γ-producing cells [6;36], and

BCG-infected IL-17 knockout mice have reduced granuloma formation and decreased DTH

responses to M. tb antigens, suggesting that IL-17 contributes to induction of optimal Th1

responses [21;36]. However, bacterial burdens are not consistently higher in IL-17 knockout

mice that are infected with M. tb or M. bovis BCG [6;36;37].
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We found that M. tb-induced IL-17 production by CD4+ cells of tuberculosis patients was

significantly reduced, compared to that in PPD+ donors, similar to most published studies

[11;38-40]. One report found that IL-17 production was increased in tuberculosis patients,

but this may have been because control subjects were BCG-vaccinated without latent

tuberculosis infection [13], and IL-17 production in response to M. tb antigens may be lower

in BCG-vaccinated persons than in those with latent tuberculosis infection.

The IL-23R is essential for differentiation and maintenance of IL-17-producing effector T

cells [41]. IL-23R gene polymorphisms are associated with several autoimmune diseases,

including Crohn’s disease and psoriasis [34], and genetic variants in the IL-23R promoter

that increase receptor mRNA expression are associated with an increased risk of

hepatocellular carcinoma [42]. However, limited information is available about the role of

IL-23R in infections due to intracellular pathogens. The IL-23R is important for expansion

of γδ T cells and CD4-CD8-αβ T cells during the murine immune response to Listeria

infection [43]. Although IL-23 is not required for early control of tuberculosis, it is essential

for long term containment of infection through expression of CXCL13, which directs

trafficking of T cells from blood vessels to the site of infection [44;45]. Previously we found

that IL-23, but not IL-6 or TGF-β, is required for T cells from persons with M. tb infection

to produce IL-17 in response to mycobacterial antigens [10]. In the current study, we found

that monocytes from PPD+ individuals and tuberculosis patients produce equal amounts of

IL-23 in response to γ-irradiated M. tb H37Rv, indicating that reduced IL-23 expression did

not account for decreased IL-17 production by T cells from tuberculosis patients. However,

CD4+ cells from tuberculosis patients had reduced expression of IL-23R mRNA and protein

compared to findings in PPD+ donors. We found that in response to M. tb, CD4+ cells of

treated tuberculosis patients (2 years after anti-tuberculosis therapy) produce more IL-17,

express higher percentage of pSTAT3+ cells, increased IL-23R expression compared to

untreated tuberculosis patients suggesting active tuberculosis inhibits IL-17 production,

pSTAT3 and IL-23R expression.

Limited information is available regarding the signaling molecules that regulate IL-23R

expression. CD5 costimulation induces stable Th17 development by promoting IL-23R

expression and sustained STAT3 activation [46] and a specific microRNA, Let-7f, inhibits

IL-23R expression in human CD4+ memory T cells [47]. STAT3 and SOCS3 regulate IL-17

production in several experimental systems, and transfection of STAT3 constructs into

murine T cells increases IL-23R expression and production of IL-17 [15;16]. There are

conflicting reports about the role of SOCS3 in Th17 cytokine production. Some

investigators found that TGF-β inhibits SOCS3 to enhance Th17 development [48] and

overexpression of SOCS3 in T-lymphocytes impairs IL-17 production [49;50]. On the other

hand, one study showed that increased SOCS3 expression in CD4+ cells increased IL-17

production [51]. In the current study, we found that tuberculosis patients have decreased

expression of STAT3 but no changes in SOCS3 expression. STAT3 siRNA significantly

reduced IL-23R expression and IL-17 production by CD4+ cells of PPD+ donors. Our

results provide the first evidence that pSTAT3 regulates IL-23R expression and IL-17

production in human disease due to a widespread intracellular pathogen.
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Programmed death 1 (PD-1) is a type I membrane protein also known as CD279. PD-1 and

its ligands, programmed death ligand 1 (PDL-1) and programmed death ligand 2 (PDL-2),

negatively regulate T cell proliferation and cytokine production [52;53]. PD-1 knockout

mice are extraordinarily susceptible to M. tb and produce high levels of IL-17 during

infection, compared to wild type mice [17;18]. There is a limited information available on

PD-1 mediated regulation of Th17 responses. PD-1 negatively regulates anti-mycobacterial

responses by suppressing innate immune cells which help to differentiate IL-17-producing

cells [54] and IL-27-primed T cells restrict differentiation of Th17 cells [55]. In the current

study, we found that increased PD-1 expression reduces pSTAT3 and IL-23R expression

and IL-17 production by CD4+ cells in tuberculosis patients and anti-tuberculosis therapy (2

years after anti-tuberculosis therapy) decreased PD-1 expression. We have not determined

how PD-1 regulates pSTAT3 and IL-23R expression and IL-17 production by CD4+ cells.

Previously we found that tuberculosis patients have increased number of T-regulatory cells

compared to healthy PPD+ individuals [56] and PD-1 control expansion of M. tb-induced

Foxp3+ Treg cells [57]. Foxp3 can inhibit Th17 differentiation by antagonizing RORγt

function [58] and it is not known whether Foxp3 can regulate pSTAT3 and IL-23R

expression. Alternatively, PD-1 can regulate IL-23R expression, which results in decreased

pSTAT3 and IL-17 production. Further work is needed to determine if PD-1 dependent

increase in Foxp3 expression in CD4+ cells of tuberculosis patients can inhibit pSTAT3 and

IL-23R expression and IL-17 production by CD4+ cells or PD-1 regulates IL-23R

expression, which results in decreased pSTAT3 and IL-17 production.

In summary, we found that reduced IL-17 production by CD4+ cells of tuberculosis patients

is due to increased PD-1 expression. PD-1 inhibits expression of pSTAT3, which in turn

lowers T-cell expression of IL-23R. Because IL-17 is important for vaccine-induced

protection against tuberculosis, understanding the mechanisms that control production of

this cytokine may allow development of immunotherapeutic strategies to enhance IL-17

production in response to anti-tuberculosis vaccines. Parallel approaches may also be useful

to upregulate protective Th17 responses against fungi and other pathogens.

Materials and Methods

Patient population

Blood was obtained from 55 PPD+ donors, 16 healthy donors (2 years after anti-tuberculosis

therapy) and 50 human immunodeficiency virus (HIV)-seronegative patients with culture-

proven pulmonary tuberculosis who had received anti-tuberculosis therapy for <1 week.

Acid-fast stains of sputum were positive for all patients. All studies were approved by the

Institutional Review Boards of the Blue Peter Public Health Research Center, Hyderabad,

AP, India and the University Of Texas Health Science Center at Tyler. Informed consent

was obtained from all participants.

Antibodies and other reagents

For flow cytometry, we used FITC anti-CD4, APC anti-CD3 (BD Biosciences), FITC anti-

PD-1 (Biolegend), APC anti-IL-23R, anti-pSTAT3 (R&D), anti-SOCS3, IgG PE (all from
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Abcam). For neutralization, we used mAb to PD-1 and isotype Abs (R&D). γ-irradiated M.

tb H37Rv was obtained from Colorado State University, Fort Collins, CO.

Isolation of monocytes and CD4+ cells

PBMC were isolated by centrifugation over Ficoll-Paque (Sigma). Monocytes and CD4+

cells were isolated by magnetic beads conjugated to anti-CD14 or anti-CD4 (all from

Miltenyi Biotech), respectively. Cell purity was >95%, as measured by flow cytometry.

Culture of Monocytes

Freshly isolated CD14+ cells were cultured in 12-well plates at 2 ×106 cells/well in Roswell

Park Memorial Institute (RPMI 1640) containing penicillin/streptomycin (Sigma) and 10%

heat-inactivated human serum, with or without γ-irradiated M. tb H37Rv (10 μg/ml) at 37°C

in a humidified 5% CO2 atmosphere. In some experiments, after 48 h, cell-free culture

supernatants were collected, aliquoted and stored at −70°C until cytokine concentrations

were measured. For other experiments, RNA was extracted to perform real time PCR

analysis to measure expression of IL-23p19 mRNA.

Culture of CD4+ cells and monocytes

Freshly isolated CD4+ cells were cultured in 12-well plates at 2 ×106 cells/well in RPMI

1640 containing penicillin/streptomycin and 10% heat-inactivated human serum, with or

without 2×105 autologous monocytes/well. CD4+ cells and monocytes were cultured in the

presence or absence of γ-irradiated M. tbH37Rv (10 μg/ml) at 37°C in a humidified 5% CO2

atmosphere. In some experiments, neutralization mAb to PD-1 or isotype Abs (10 μg/ml

each) were added to the cultures. After 96 h, cell-free culture supernatants were collected,

aliquoted and stored at −70°C until cytokine concentrations were measured. In some

experiments cells were stained to detect pSTAT3 and SOCS3, and for other experiments,

RNA was extracted for real time PCR analysis to determine the expression of IL-23R.

CD4+ cell transfection

CD4+ cells isolated as outlined above, were transfected with small interfering RNA (siRNA)

for STAT3 or scrambled siRNA (Santa Cruz Biotechnology), using the Amaxa nucleofector

(Amaxa Biosystems). Briefly, 2 × 106 freshly isolated cells were resuspended in 100 μl of

the Amaxa transfection solution and transfected with 30 pmol of siRNA, using the

manufacturer’s protocol U-01. After overnight incubation, cells were washed, transferred to

0.6 ml RPMI 1640 complete medium with or without 2 × 105 autologous monocytes/well.

CD4+ cells and monocytes were cultured, with or without γ-irradiated M. tb H37Rv (10

μg/ml) at 37°C in a humidified 5% CO2 atmosphere. After 4 days, some cells were stained

for IL-23R expression and analyzed by flow cytometry. RNA was extracted to measure

IL-23R expression by real time PCR. Cell-free culture supernatants were collected,

aliquoted and stored at −70°C until IL-17 and IFN-γ concentrations were measured.

Real-time PCR for quantification of IL-23p19 and IL-23R mRNA

Total RNA was extracted from cultured cells, using TRIzol reagent (Invitrogen). Total RNA

was reverse transcribed, using the Clone AMV First-Strand cDNA synthesis kit (Life
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Technologies). The forward and reverse primers for IL-23p19 were 5′-

GAGCAGCAACCCTGAGTCCCTA-3′ and 5′-CAAATTTCCCTTCCCATCTAATAA-3′,

respectively. For IL-23R, the forward and reverse primers were 5′-

CATGACTTGCACCTGGAATG-3′ and 5′-GCTTGGACCCAAACCAAGTA-3′,

respectively. Primers for GAPDH were, forward, 5′-GCCATCAATGACCCCTTCATT-3′

and reverse, 5′-TTGACGGTGCCATGGAATTT-3′. Real-time PCR was performed using

the Quantitect SYBR Green PCR kit (Qiagen) on a spectrofluorometric thermal cycler (Mini

Opticon, Bio-Rad). PCR were performed in triplicate as follows: 95°C for 10 min, and 45

cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. All samples were normalized to

the amount of GAPDH transcript present in each sample.

Detection of intracellular pSTAT3 and SOCS3

To measure intracellular pSTAT3 and SOCS3 in freshly isolated PBMC and cultured CD4+

cells, we used the intracellular staining kits from BD Biosciences. For surface staining,

FITC anti-CD4 was added. After washing with PBS and 2% FCS, cells were fixed in

Cytofix/Cytoperm and washed twice in 1x permeabilization/wash solution. Primary anti-

pSTAT3 or anti-SOCS3 were then added to cells re-suspended in staining buffer. After

incubation at 4°C for 40 min, cells were washed in PBS with 2% FCS, and the secondary

antibody was added and incubated for 30 min on ice. Cells were washed and analyzed by

flow cytometry.

Measurement of IL-23, IFN-γ and IL-17 concentrations

IL-23, IFN-γ and IL-17 levels were measured by ELISA (eBioscience). For measurement of

IFN-γ and IL-17, supernatants of cultured CD4+ and CD14+ cells were collected after 96 h

of culture. Supernatants from cultured CD14+ monocytes were collected after 48 h for

measurement of IL-23. Supernatants were stored at −70°C until cytokine concentrations

were measured.

Statistical analysis

Results are shown as the mean ± SD. For data that were normally distributed, comparisons

between groups were performed by a paired or unpaired t test, as appropriate. For data that

were not normally distributed, the non-parametric Mann-Whitney-U-test was performed.
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Figure 1. IL-17 production by healthy PPD+ donors and tuberculosis patients
CD4+ cells and CD14+ cells from freshly isolated PBMC of 10 PPD+ individuals and 10

tuberculosis patients were isolated by magnetic beads conjugated to anti-CD14 or anti-CD4

obtained from Miltenyi Biotech. CD4+ cells and CD14+ cells were cultured at a 9:1 ratio,

with or without γ-irradiated M. tb H37Rv for 96 h. IL-17 levels in culture supernatants were

measured by ELISA. The horizontal line shows the median, the boxes show the 25th and

75th percentile values, and the whiskers show the 5th and 95th percentile values. Each time

experiments were performed with the blood obtained from one PPD+ individual and one

tuberculosis patient. A total 10 independent experiments were performed. Maximum,

minimum and median values, p values and number of donors (n) are shown.
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Figure 2. IL-23 production by healthy PPD+ donors and tuberculosis patients
A. CD14+ monocytes from PPD+ individuals and tuberculosis patients were cultured in the

presence or absence of γ-irradiated M. tb H37Rv for 48 h. (A) Supernatants were collected

and IL-23 levels were measured by ELISA. Five independent experiments were performed.

(B) RNA was isolated from control and M. tb cultured monocytes after 48 h and IL-23p19

mRNA expression was measured by real time PCR. The thin lines in all panels show mean

values and p values are shown in each panel. Nine independent experiments were

performed. Paired and unpaired t tests were performed. Mean values, p values and number

of donors (n) in each panel is shown.
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Figure 3. IL-23R expression by T cells from healthy PPD+ donors and tuberculosis patients
A. IL-23R expression by CD4+ cells. PBMC from 8 PPD+ individuals and 7 tuberculosis

patients were isolated from the blood and stained with anti-CD4-FITC and anti-IL-23R-

APC. CD4+ cells were gated and the mean fluorescence intensity (MFI) of IL-23R was

measured by flow cytometry. Seven independent experiments were performed. B. IL-23R

mRNA expression by freshly isolated CD4+ cells. CD4+ cells from freshly isolated PBMC

of 13 PPD+ individuals and 13 tuberculosis patients were isolated by immunomagnetic

selection. RNA was extracted and reverse transcribed to cDNA, and IL-23R mRNA was

quantified by real-time PCR, relative to expression of GAPDH. Each point shows the mean

of triplicate determinations. Thirteen independent experiments were performed. C. IL-23R

expression by M. tb-stimulated CD4+ cells. CD4+ cells and CD14+ cells from freshly

isolated PBMC of 9 PPD+ individuals and 7 tuberculosis patients were isolated by magnetic

beads conjugated to anti-CD14 or anti-CD4 obtained from Miltenyi Biotech. CD4+ cells and

CD14+ cells were cultured at a 9:1 ratio, with or without γ-irradiated M. tb H37Rv. After 96

h, surface staining for CD4 and IL-23R was performed using anti-CD4-FITC and anti-

IL-23R-APC. CD4+ cells were gated and the mean fluorescence intensity (MFI) of IL-23R

was measured. Seven independent experiments were performed. D. A representative figure

for panel C is shown. IL-23R expression by CD4+ cells of medium alone (thin black line),

CD4+ cells of γ-irradiated M. tb H37Rv cultured cells (thick black line) and IL-23R isotype

antibody staining on CD4+ cells of γ-irradiated M. tb H37Rv cultured cells (thick light line).
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E. IL-23R mRNA expression by M. tb-stimulated CD4+ cells. CD4+ cells from PBMC of 7

PPD+ individuals and 9 tuberculosis patients were cultured as in panel C. After 96 h, RNA

was extracted and reverse transcribed to cDNA, and IL-23R mRNA was quantified by real-

time PCR, relative to expression of GAPDH. In all panels, the thin lines show mean values.

Seven independent experiments were performed. Paired and unpaired t tests were

performed. Mean values, p values and number of donors (n) in each panel is shown.
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Figure 4. Expression of pSTAT3 and SOCS3 by healthy PPD+ donors and tuberculosis patients
A. Expression of pSTAT3 by freshly isolated cells. PBMC from 10 healthy tuberculin

reactors and 9 tuberculosis patients were isolated and surface staining for CD4+ cells and

intracellular staining for pSTAT3 was performed. The percentage of CD4+pSTAT3+ cells

was determined by flow cytometry. Nine independent experiments were performed. B.
Expression of SOCS3 by freshly isolated cells. PBMC from 8 healthy PPD+ donors and 8

tuberculosis patients were isolated and surface staining for CD4+ cells and intracellular

staining for SOCS3 was performed. The percentage of CD4+SOCS3+ cells was determined

by flow cytometry. Eight independent experiments were performed. C. Expression of

pSTAT3 by γ-irradiated M. tbH37Rv cultured cells. CD4+ and CD14+ cells from the PBMC

of 11 PPD+ individuals and 11 tuberculosis patients were isolated by immunomagnetic

selection, and cultured at a 9:1 ratio, with or without γ-irradiated M. tb H37Rv. After 96 h,

surface staining for CD4+ cells and intracellular staining for pSTAT3 was performed. The

percentage of CD4+pSTAT3+ cells was determined by flow cytometry. Eleven independent

experiments were performed. D. Expression of SOCS3 by γ-irradiated M. tb H37Rv cultured

cells. CD4+ and CD14+ cells from the PBMCs of 9 PPD+ individuals and 9 tuberculosis

patients were isolated by immunomagnetic selection, and cultured at a 9:1 ratio, with or

without γ-irradiated M. tb H37Rv. After 96 h, surface staining for CD4+ cells and

intracellular staining for SOCS3 was performed. The percentage of CD4+SOCS3+ cells was

determined by flow cytometry. Nine independent experiments were performed. E. A
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representative figure for panels C is shown. pSTAT3 expression by CD4+ cells of medium

alone, CD4+ cells of γ-irradiated M. tb H37Rv cultured cells and pSTAT3 isotype antibody

staining on CD4+ cells of γ-irradiated M. tb H37Rv cultured cells is shown. In all panels, the

numbers of subjects are shown, and thin lines show the mean values. Paired and unpaired t

tests were performed. Mean values, p values and number of donors (n) in each panel is

shown.
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Figure 5. Effect of STAT3 siRNA on M. tb induced IL-17 production and IL-23R expression by
CD4+ cells
CD4+ cells and CD14+ cells from freshly isolated PBMC of PPD+ individuals were isolated

by magnetic beads conjugated to anti-CD14 or anti-CD4 obtained from Miltenyi Biotech.

Some CD4+ cells were transfected with STAT3 siRNA or scrambled siRNA. After

overnight, CD4+ cells and CD14+ cells were cultured at a 9:1 ratio, with or without γ-

irradiated M. tb H37Rv for 96 h. A. IL-17 production in culture supernatants was measured

by ELISA. Nine independent experiments were performed. B. The percentages of IL-23R

+CD4+ cells were measured by flow cytometry. Five independent experiments were

performed. Paired and unpaired t tests were performed. Mean values ± SD, p values and

number of donors (n) in each panel are shown.
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Figure 6. Effect of PD-1 on pSTAT3, IL-23R expression and IL-17 production by tuberculosis
patients
A. PD-1 expression by freshly isolated CD3+ cells. Freshly isolated PBMC from 5 PPD+

individuals and 7 tuberculosis patients were stained for CD3+ and PD-1+ cells. Five

independent experiments were performed. CD4+ cells and autologous monocytes from

PBMCs of tuberculosis patients were cultured with γ-irradiated M. tb H37Rv, in the

presence of PD-1 antibody (10 μg/ml) or isotype antibody. After 96 h, B. Surface staining

for CD4+ cells and IL-23R was performed. Five independent experiments were performed.

C. CD4+pSTAT3+ cells were measured by flow cytometry. Five independent experiments

were performed. D. IL-17 production in culture supernatants was measured by ELISA. For

panels B, C and D the horizontal line shows the median, the boxes show the 25th and 75th

percentile values, and the whiskers show the 5th and 95th percentile values. Five

independent experiments were performed. Paired and unpaired t tests were performed. Mean

values, p values and number of donors (n) is shown in panel A. Maximum, minimum and

median values, p values and number of donors (n) are shown in panels B, C and D.
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Figure 7. Effect of anti-tuberculosis therapy on IL-17 and IFN-γ production, PD-1, pSTAT3, and
IL-23R expression by tuberculosis patients
A. PD-1 expression by freshly isolated CD3+ cells. Freshly isolated PBMC from 11

untreated tuberculosis patients and 10 treated tuberculosis patients (2 years after anti-

tuberculosis therapy) were stained for CD3+ and PD-1+ cells. Ten independent experiments

were performed. CD4+ cells and CD14+ cells from PBMC of 5 untreated tuberculosis

patients and 5 treated tuberculosis patients (2 years after anti-tuberculosis therapy) were

cultured in the presence or absence of γ-irradiated M. tb H37Rv for 96 h. B. IL-17 levels in

culture supernatants were measured by ELISA. Five independent experiments were

performed. C. IFN-γ levels in culture supernatants were measured by ELISA. Seven

independent experiments were performed. D. pSTAT3 expression by CD4+ of the above

cultured cells was determined by flow cytometry. Five independent experiments were

performed. E. IL-23R expression by CD4+ of the above cultured cells was determined by

flow cytometry. Five independent experiments were performed. Paired and unpaired t tests

were performed. Mean values for panel A, p values and number of donors (n) in each panel

are shown.
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