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Abstract

Despite the immune-reconstitution with antiretroviral therapy (ART), HIV-infected individuals 

remain highly susceptible to tuberculosis (TB) and have an enrichment of oral anaerobes in the 

lung. Products of bacterial anaerobic metabolism, like butyrate and other short chain fatty acids 

(SCFAs), induce regulatory T cells (Tregs). We tested if SCFAs contribute to poor TB control in a 

longitudinal cohort of ART treated HIV-infected South Africans. Increase in serum SCFAs was 

associated with increased TB susceptibility. SCFAs inhibited IFN-γ and IL-17A production in 

peripheral blood mononuclear cells from HIV-infected ART-treated individuals in response to M. 
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tuberculosis antigen stimulation. Pulmonary SCFAs correlated with increased oral anaerobes such 

as Prevotella in the lung and with M tuberculosis antigen-induced Tregs. Metabolites from 

anaerobic bacterial fermentation may therefore increase TB susceptibility by suppressing IFN-γ 
and IL-17A production during the cellular immune response to M. tuberculosis.

eTOC

HIV patients on anti-retroviral therapy (ART) are vulnerable to tuberculosis. Segal et al. show that 

short chain fatty acids (SCFAs) produced by the increased abundance of lung anaerobic bacteria in 

these patients inhibit the immune response to M. tuberculosis likely enhancing tuberculosis 

susceptibility.

Keywords

HIV; tuberculosis; lung; dysbiosis; short chain fatty acids; FoxP3; FoxP1

Introduction

HIV-infected individuals on ART have residual immune compromise that has contributed to 

the disastrous tuberculosis (TB) epidemic in South Africa (Churchyard et al., 2014; Group et 

al., 2015). Immunologically, post-ART lung lymphocytes have a deficiency of IFN-γ 
production in response to TB antigens (Jambo et al., 2014). The nature of the persistent 

immune compromise despite ART is poorly understood.

The lower airway contains complex bacterial communities that correlate with immune 

competence and levels of inflammation (Lozupone et al., 2013; Morris et al., 2013; Segal et 

al., 2013; Twigg et al., 2016). Similar to the gut, specific lung microbiomes are associated 

with Th17 immunity (Segal et al., 2016). In addition to generating immune responses, 

bacterial metabolites occur in the lower airway consistent with active bacterial metabolism 

(Segal et al., 2017). Investigating the lung microbiome, however, has been hampered by two 
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sets of confounders. First, the lower airways have low bacterial burden. Approximately half 

of HIV uninfected individuals have bacterial communities that cluster with background 

observed in laboratory methods controls (Segal et al., 2016). Second, aspiration from the 

upper airway could contribute to individuals’ lower airway microbiome, challenging our 

ability to discern lower airway viability of microbes. More functional data is required to 

establish the degree to which oral microbes live and grow in the lung.

Compared with HIV uninfected individuals, post-ART HIV infected individuals with median 

CD4+ lymphocytes of 375 cells/μL have increased relative abundance of lower airway 

anaerobic bacteria oral commensals like Prevotella and Veillonella (Twigg et al., 2016). 

Anaerobes like Prevotella use fermentation for energy production during hypoxia. The major 

products of bacterial fermentation are short chain fatty acids (SCFAs) such as acetate (C2), 

propionate (C3), and butyrate (C4)(Bourriaud et al., 2005). In the gut, SCFA drive CD4+ 

lymphocytes to the forkhead transcription factor FoxP3 expressing Treg phenotype with 

beneficial anti-inflammatory effects (Trompette et al., 2014). Alternately, Treg can be 

immune compromising, inhibiting TB control (Semple et al., 2013).

IFN-γ and IL-17A producing CD4+ and CD8+ lymphocytes provide mucosal immunity to 

TB (Gopal et al., 2013; Khader et al., 2007). Post-ART, both of these lymphocyte 

populations remain dysfunctional (Cosgrove et al., 2013; Leeansyah et al., 2013). We have 

completed a longitudinal study of ART-treated HIV-infected individuals in Cape Town, 

South Africa with high post-enrollment TB incidence. Since the lungs of post-ART 

individuals are enriched with anaerobes capable of SCFA synthesis and SCFA increase Treg 

that inhibit TB control, we used cells and metabolites from this cohort to test the hypothesis 

that baseline SCFA is a risk factor for active TB. We also assessed the lung microbiome and 

metagenome to understand the characteristics of the bacterial communities associated with 

high pulmonary SCFA concentration defined by detectable BAL propionate. We observed 

baseline serum butyrate and propionate were associated with the subsequent increasing 

hazard of TB. Further, high pulmonary SCFA correlated with enrichment of anaerobes in the 

lung and Treg induction by TB antigens. Finally, butyrate inhibited TB antigen induced IFN-

γ and IL-17A. These data suggest metabolic products of anaerobic fermentation increase TB 

susceptibility.

Results

Serum IFN-γ, IL-17A, butyrate and propionate predict subsequent TB hazard

We prospectively followed 193 HIV infected individuals on ART in Cape Town South 

Africa over three years with a TB rate of 2.6 cases per 100 person years. The cohort CD4+ 

lymphocyte count was 383±203 cells/μl and 46% had cellular immunity to M. tuberculosis 
defined by a commercial interferon-gamma release assay (Quantiferon) (Table S1). Serum 

SCFAs were measured at enrollment. Compared with HIV uninfected blood donors, HIV 

infected individuals have higher blood SCFA concentration (Figure S1). Those who 

proceeded to TB had a trend toward higher butyrate concentration (16.4 [15.2–19.8] μM vs. 

14.7 [12.1–17.4] μM p=0.063 Table S1). IFN-γ and IL-17 were also assayed in enrolment 

serum. TB cases had significantly lower levels of IFN-γ than those who did not develop TB 
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(Median [IQR]=6.1[5.4–10.0] pg/ml vs. 10[7–12.1] pg/ml, p=0.031) and a trend to lower 

IL-17A (1.6 [0.65–4.7] pg/ml vs. 3.6 [2.2–6.1] pg/ml, p=0.056 Table S1).

To assess the contribution of SCFA and cytokines to subsequent TB hazard, we used four 

independent Cox multivariable models, two with IFN-γ combined with SCFAs and two with 

IL-17A combined with SCFAs. Doubling butyrate or halving IFN-γ increased subsequent 

TB hazard 2.0 fold (p=0.008) and 5.8 fold (p=0.024) respectively (Table 1). Doubling 

propionate or halving IFN-γ increased subsequent TB hazard 2.1 fold (p=0.006) and 

produced a trend for increased TB hazard 3.5 fold (p=0.079). Similarly, doubling butyrate or 

halving IL-17A increased TB hazard 1.6 fold (p=0.011) and 5.3 fold (p=0.017) respectively; 

doubling propionate or halving IL-17A increased TB hazard 1.7 fold (p=0.005) and 3.7 fold 

(p=0.047) respectively.

Propionate and butyrate are present in the lungs of HIV-infected individuals on ART and 
butyrate impairs cellular immunity to tuberculosis

Propionate and butyrate are anti-inflammatory via induction of Treg (Trompette et al., 2014). 

The concentration and effects of SCFA in the lung, however, have not been explored. To 

better understand the lower airway environment and measured levels of lung SCFA we 

performed bronchoscopy with broncho-alveolar lavage (BAL) on 27 HIV-infected (19 from 

Cape Town and 8 from New York) and 12 HIV-uninfected individuals from New York (Table 

S2). Butyrate or propionate was detectable in epithelial lining fluid (ELF, Rennard et al., 

1986) of 10/27 HIV-infected individuals (8 from Cape Town and 2 from New York), but not 

in any of 12 HIV uninfected individuals from New York (Figure 1A p=0.025 Mann–

Whitney U test). HIV infected individuals also had a trend to increased acetate (p=0.08) but 

butyrate was not significantly different in BAL (p=0.291) due to the small number of 

individuals (4/27) with butyrate above the limits of detection. ELF propionate correlated 

with butyrate and acetate (rho=0.686, p<0.0001 and rho=0.722, p<0.0001 respectively) 

making detectable propionate a suitable measure of elevated pulmonary SCFA. SCFA in 

ELF were 370 fold higher than serum in HIV infected individuals with paired samples 

(Figure 1B). Since Tregs restrict control of M. tuberculosis in the lung (Semple et al., 2013), 

we evaluated the effects of lower airway SCFA concentration on FoxP3 induction by M 
tuberculosis antigen derived from purified protein derivative (PPD). Elevated acetate or 

propionate correlated with greater FoxP3 expressing Tregs in BAL cells after PPD 

stimulation (Figure 1C rho=0.644, p=0.027 and rho=0.798, p=0.009 respectively).

To better understand the impact of SCFA on the immune response to tuberculosis we 

measured IFN-γ or IL-17A production in peripheral blood mononuclear cells (PBMC) from 

10 HIV infected ART treated individuals who had latent tuberculosis infection. PPD 

stimulation induced both IFN-γ and IL-17A (Figure 2A). Two mM of butyrate, the dose that 

inhibits inflammatory cytokine production in macrophages and lymphocytes (Dillon et al., 

2017), inhibited PPD-stimulated IFN-γ 87% and IL-17A 21% (Figure 2A p=0.002 and 

p=0.004 respectively). The IFN-γ and IL-17A concentrations released by PBMC cultured ex 
vivo without PPD were similar to those in PPD stimulated PBMC cultures with exogenous 

butyrate added (Figure 2A Unstim. vs. PPD+butyrate, ns for both comparisons).
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To assess which cell types were butyrate targets, we isolated human CD4+ and CD8+ 

lymphocytes and stimulated cytokine production with CD3/CD28 antibodies. Butyrate 

reduced IFN-γ secretion 98% in CD4+ and 90% in CD8+ lymphocytes. Butyrate also 

reduced IL-17A secretion 98% in CD4+ and 96% in CD8+ lymphocytes (Figure 2B p<0.001 

for all comparisons). Butyrate did not alter relative FoxP3 mRNA expression in either CD4+ 

or CD8+ lymphocytes but did increase FoxP1/GAPDH mRNA 7 fold in CD4+ and 9 fold in 

CD8+ lymphocytes (Figure 2C p<0.01 for both comparisons).

Lung microbiome of propionate-detectable individuals is enriched with anaerobes

Since SCFA are end-products of bacterial anaerobic metabolism, we utilized 16S rRNA gene 

sequencing to examine the lower airway microbiota in the bronchoscopy cohort. We 

compared the microbiome from the 10 BAL samples with detectable propionate levels to the 

microbiome from the 29 BAL samples with undetectable propionate (Table S2). The BAL 

microbiome from propionate-detectable individuals did not significantly differ from 

supraglottic samples based on β diversity analysis (PERMANOVA p=0.17). The propionate-

undetectable BAL samples more closely resembled background samples rather than 

supraglottic samples, although it was significantly different from background samples 

(PERMANOVA p<0.01, Figure S2 and Table S3). The bacterial rRNA gene concentration 

(Table S2) and α diversity was similar in propionate undetectable and detectable samples 

(Figure 3A). However, β diversity based on weighted UniFrac distances demonstrated 

distinct clustering of subjects with BAL propionate-detectable when compared to 

propionate-undetectable individuals (Figure 3B, p=0.032 PERMANOVA). There is a trend 

to difference in β diversity when HIV infected individuals with BAL propionate-detectable 

are compared to HIV infected individuals with propionate-undetectable (p=0.07 

PERMANOVA). To further explore for taxonomic differences between propionate-

detectable and undetectable individuals, we utilized Linear-discriminant analysis (LDA) of 

Effect Size (LEfSe) where significant differences are defined as an LDA>2 (Segata et al., 

2011). The lung microbiome of those with propionate-detectable in BAL was enriched with 

anaerobes such as Prevotella, Veillonella and Haemophilus (Figure 3C red bars LDA>2). 

The lung microbiome of those with propionate-undetectable in BAL was enriched with 

Psychrobacter, Pseudomonas and Sphingomonas (Figure 3C green bars LDA>2). As many 

different taxa can produce SCFA, we characterized bacterial metabolic potential by 

estimating the entire complement of bacterial genes, i.e. the metagenome. The inferred 

potential of the lower airway microbiome using taxonomic data (Langille et al., 2013) 

demonstrated reduction of genes in the Propionate and Butyrate pathways in propionate 

detectable samples (Figure S3), a finding confirmed with shotgun sequencing of bacterial 

DNA from BAL (Figure S4)

We then measured blood and BAL CD4+ lymphocytes to assess if the effectiveness of 

immune reconstitution correlated with enrichment of anaerobic taxa in the lung. There was 

no association between blood CD4+ lymphocytes and lung Prevotella or Veillonella relative 

abundance in post-ART individuals (rho= −0.001, p=0.99 and rho= −0.074, p= 0.72 

respectively). However, as BAL CD4+ lymphocytes decreased in HIV-infected individuals, 

the relative abundances of Prevotella or Veillonella significantly increased (Figure 3D rho= 

−0.691, p=0.006 and rho= −0.581, p=0.03 respectively).
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Discussion

In this report, we investigated a South African HIV-infected ART treated cohort with high 

incidence of TB to evaluate the characteristics of post-ART TB susceptibility. Similar to a 

recent lung microbiome study that demonstrated enrichment of oral anaerobes, such as 

Prevotella, in the lower airways of HIV subjects on ART (Twigg et al., 2016), the subjects 

evaluated in this study also had incomplete immune reconstitution. In the current study, 

blood butyrate and propionate, products of anaerobic bacterial fermentation, are increased in 

HIV infected individuals and are associated with increased TB hazard. Using samples from 

the lower respiratory tract, we found that increased anaerobes, such as Prevotella, correlated 

with pulmonary SCFA. In vitro experiments confirm that butyrate inhibits IFN-γ and 

IL-17A induced by TB antigens at concentrations similar to those found in the lung. Our 

observation that immunologically active anaerobic metabolites are associated with 

enrichment in the lung of oral anaerobes, such as Prevotella, illustrates potential 

consequences of post-ART lung dysbiosis with increased Prevotella (Twigg et al., 2016). 

These data suggest pulmonary SCFAs, from either lower airway commensal or aspirated 

microbes, likely contribute to deficiency of IFN-γ induction by TB antigens (Jambo et al., 

2014) and increase TB risk in HIV infected individuals on ART (Churchyard et al., 2014; 

Group et al., 2015; Samandari et al., 2011).

Post-ART, relative abundance of Prevotella and Veillonella is increased in the lung (Twigg et 

al., 2016). We extend this observation demonstrating Prevotella and Veillonella correlate 

with CD4+ lymphocytes in the lung but not blood. The inverse correlation between lung oral 

anaerobes and pulmonary but not systemic CD4+ lymphocytes could be due to reduced 

lymphocyte recruitment to the lung or due to increased destruction at mucosal sites. SCFA 

produced by oral anaerobes activates latent HIV in lymphocytes (Imai et al., 2009) including 

primary human Th-17 cells (Das et al., 2015). Butyrate stimulated HIV replication of latent 

virus in the lung (Twigg Iii et al., 2008) could produce pulmonary CD4+ lymphocyte 

destruction. SCFA induced viral replication is a possible mechanism for persistent Th-17 

dysfunction observed in HIV infected individuals on ART (Brenchley et al., 2008; El Hed et 

al., 2010).

In this cohort, reduced serum IFN-γ and IL-17A also increased TB hazard, consistent with 

the known protective roles of CD4 expressing TH1 and Th17 responses in TB (Gopal et al., 

2013; Jambo et al., 2014; Khader et al., 2007). Increased serum butyrate also increased 

subsequent TB hazard in this cohort. Our data show that butyrate directly inhibits IFN-γ and 

IL-17 release after TB antigen stimulation of peripheral blood mononuclear cells from HIV 

infected individuals with latent tuberculosis. Similar to data from lamina propria derived T 

cells(Dillon et al., 2017), butyrate also inhibits IFN-γ and IL-17A elaboration by both CD4+ 

and CD8+ lymphocytes. Like CD4+ Th17 cells, CD8+ mucosal associated invariant T cells 

(MAIT) produce IFN-γ and IL-17A and are important for TB control (Gold et al., 2013). 

Both CD4+ Th-17 cells and CD8+ MAIT are dysfunctional or depleted in ART-treated HIV-

infected individuals (Cosgrove et al., 2013; Leeansyah et al., 2013). The inhibitory effect of 

butyrate on Th-1 and Th-17 cytokine induction by both CD4+ and CD8+ lymphocytes could 

contribute to increased TB susceptibility in HIV infected individuals with pulmonary 

enrichment of oral anaerobes.
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Similar to SCFA mediated Treg induction in the gut (Trompette et al., 2014), high 

pulmonary SCFA was associated with induction of FoxP3-expressing Treg after TB antigen 

stimulation. Since Treg inhibit control of M. tuberculosis replication in BAL cells (Semple 

et al., 2013), this could increased TB risk. In isolated lymphocytes, however, butyrate did not 

induce FoxP3 mRNA. We therefore evaluated the effects of SCFA on other related forkhead 

transcription factors. Butyrate strongly induces FoxP1 mRNA in both CD4+ and CD8+ 

lymphocytes. FoxP1 is a repressor that inhibits lymphocyte development as well as CD4+, 

CD8+, and B cell activation (Durek et al., 2016; Feng et al., 2011; Stephen et al., 2014; 

Wang et al., 2014; Wei et al., 2016). FoxP1 is a candidate to mediate some of the inhibitory 

effects of SCFA on CD4+ and CD8+ lymphocyte mediated immune response, but the role of 

FoxP1 induction by SCFA in the lung host microbial interface needs confirmation in animal 

models with cell specific conditional deletion.

Since lung SCFA are on average 370 fold higher than blood, diffusion of SCFA from blood 

cannot explain SCFA observed in the lung. Pulmonary production of SCFA would require 

hypoxic niches since SCFA are an end product of fermentation used as an energy source by 

anaerobes under hypoxic conditions (Bourriaud et al., 2005). Obligate anaerobes could 

survive the oxygen stress of the lower airway by forming multicellular complexes within 

biofilm that enables hypoxic microenvironments (Lone et al., 2015; Williamson et al., 2012). 

Failure of the immune response to inhibit biofilm formation could predispose to dysbiosis 

with anaerobes (Singh et al., 2002; Wakabayashi et al., 2009). A distinct feature of the lower 

airway environment is a high concentration of surfactant, 90% of which is phospholipids; 

one of these, arachidonic acid induces biofilm formation (Rao et al., 2011) and is associated 

with increased relative abundance of the oral anaerobes such as Prevotella and Veillonella in 

the lung (Segal et al., 2016). The supraglottic space has high anaerobic bacterial burden 

(Segal et al., 2013) and so could be a source of SCFAs that are aspirated into the lower 

airways. Further investigations are required to discern the role of aspirated metabolites from 

in situ lower airway production of SCFA.

Lower airway microbial metagenomic functional capacity correlates with circulating 

metabolites and mortality in HIV-infected patients with pneumonia (Shenoy et al., 2016), 

providing evidence that active microbial metabolism affects the outcome of immune-

compromised host. Paradoxically, genes encoding metabolic pathways for both propionate 

and butyrate were decreased in subjects with detectable propionate and butyrate. It is 

possible that the reduced genomic potential observed in propionate-detectable individuals 

preferentially affects SCFA catabolic genes limiting SCFA degradation. Alternately, biofilm 

formation potential and the ability to generate a hypoxic niche in an oxygen rich pulmonary 

environment may supersede the genomic potential for SCFA metabolism (Humphries et al., 

2017; Lone et al., 2015; Williamson et al., 2012). Transcriptional profiling is required to 

define pathway activity and identify the bacterial species that contribute most to SCFA 

production.

This study has several limitations. The source of butyrate in the blood of the longitudinal 

cohort is currently unclear. Since gut and vaginal microbiomes also have HIV associated 

dysbiosis with epithelial dysfunction (Borgdorff et al., 2016; Serrano-Villar et al., 2016) 

non-pulmonary sources may contribute to the HIV associated SCFA elevation in the blood. 
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Additionally, the BAL studies are cross sectional. The results are consistent with the 

microbiome contributing to immune suppression in the lungs of HIV-infected subjects, but 

this study is unable to assess causality. It is likely that the differences in microbiome that 

enables production of SCFA are consequences of residual immune suppression. An 

assessment of the contribution of bacterial SCFA production to local immune suppression 

will require placebo-controlled randomized clinical trials using SCFA as a measurable 

outcome. If anaerobically-produced SCFA are immune-compromising, then antibiotic or 

prebiotic treatments that reduce SCFA (Serrano-Villar et al., 2016) might improve immune 

response.

In summary, we have expanded a prior observation that HIV infected individuals on ART 

have pulmonary dysbiosis with enrichment with oral anaerobes (Twigg et al., 2016). 

Anaerobic overgrowth could lead to elevated pulmonary SCFA that was associated with 

induction of Treg after M. tuberculosis antigen stimulation of lower airway cells. The 

pulmonary targeting of SCFA induced Treg (Trompette et al., 2014) in combination with the 

ability of Treg to inhibit M. tuberculosis control in human alveolar macrophages (Semple et 

al., 2013) may impose an immune compromising burden in the lung that blunts IFN-γ 
production (Jambo et al., 2014). Further, the inhibitory effect of butyrate on IFN-γ and 

IL-17A production by CD4+ and CD8+ lymphocytes is likely to increase TB susceptibility. 

A better understanding of the immune defect in HIV-infected individuals on ART may 

inspire future therapeutic strategies to improve pulmonary immunity to TB.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for reagents may be directed to and will be fulfilled by the 

lead contact, Dr. Michael D. Weiden (Michael.Weiden@nyumc.org). Sequences are 

available from the NCBI Sequence Read Archive (accession number PRJNA357622).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Lung HIV Longitudinal Cohort: The UCT Lung-HIV cohort enrolled 193 HIV infected 

individuals on ART. The UCT HIV positive participants were drawn from the NIH-

sponsored multicenter Lung HIV study (RO1HL090316). They were enrolled from 

November 2009 to December 2010. At study enrollment, all subjects had serum stored and 

complete pulmonary function tests (PFTs). Inclusion criteria: Subjects were HIV-infected on 

stable anti-retroviral therapy. Exclusion criteria: Active infection at the time of enrolment. 

The age (38 years old), gender (56%female) and immune status (all HIV positive) of 193 

UCT study subjects with were followed for incident tuberculosis are presented in Table S1. 

Individuals received three yearly assessments for incident TB. Broncho-alveolar lavage 
Cohort We performed bronchoscopy in 58 HIV infected subjects, and in 27 HIV negative 

subjects. Procedures were approved by the Institutional Review Boards of New York 

University (8 HIV infected, 12 HIV uninfected), the University of Cape Town (19 HIV 

infected), University of Pittsburgh (7 HIV infected, 4 HIV uninfected) and Ohio State 

University Columbus (28 HIV infected, 4 HIV uninfected). Demographics are shown in 

Segal et al. Page 8

Cell Host Microbe. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Table S2 (range of average age for the groups= 42 to 55 years old; gender range in the 

groups= 17 to 47% female). Nasal route was used for all bronchoscopies avoiding suctioning 

until wedged to avoid contamination with upper airway secretions. A single bronchoscope 

was used for Lung HIV patients. Our prior published data showed that there is no systematic 

carry over of oral microbiome into the lower airway (Segal et al., 2013; Segal et al., 2016). 

None of these subjects enrolled had respiratory symptoms or had received any inhaled 

treatment.

Human primary cell culture—For the ex vivo PPD stimulation of human cells we 

utilized Ficoll gradient PBMCs and BAL cells. Cells were resuspended in RPMI with 10% 

FCS and stimulated with 12 micrograms/mL PPD. PBMC supernatants for cytokine 

measurement were collected in 72 hours. BAL cells for flow cytometry were collected in 12 

hours. and PBMCs BAL cells were stained with the following antibodies from BD 

bioscience: anti-CD3 cat# 557872, anti-CD4 cat# 560650, anti-CD8 cat#555366, anti-CD25 

cat# 560987, and anti FoxP3 cat# 17-4776-42. For the ex vivo CD4/CD8 cell experiments, 

Ficoll gradient isolated PBMCs were stained with anti-CD3 cat# 557872, anti-CD4 cat# 

560650, anti-CD8 cat#555366 and FACS-sorted into 24 well plates coated with 5 μg/mL 

mouse anti-CD3 cat#555337. Then, 1 μg/ml anti-CD28 cat#556620 was added with or 

without butyrate. We utilized 2mM butyrate (Dillon et al., 2017), a concentration slightly 

lower than the range of 5.6–33 mM butyrate observed in ELF on those BAL samples with 

butyrate-detectable levels. Supernatants for cytokine measurement and cell pellets for RT 

PCR were collected in 72 hours.

METHOD DETAILS

Blood and BAL SCFA measurement—Targeted SCFA assays in BAL fluid (19 from 

Cape Town, 20 from NYU) and serum (193 from Cape Town) was performed at the 

University of Michigan Metabolomics core using gas chromatography-mass spectrometry 

(GCMS). Fifty de-identified blood donor samples provide by the blood bank to the 

University of Michigan Metabolomics core were run as HIV negative controls. Pooled blood 

donor samples were included in each of the four runs required to assay the serum samples as 

an internal control. TB cases were included in each run to avoid batch bias. Samples were 

kept on ice to prevent SCFA evaporation. Deuterated acetic, butyric and hexanoic acids were 

added as internal standards. The BAL was acidified and extracted with cold diethyl ether, 

then injected directly onto a GCMS (ZB-WAXplus column, Agilent 6890- 5975C or 

equivalent) instrument for measurement of C2 to C9 SCFA species. Internal standards 

yielded measures of absolute SCFA concentrations with a detection limit of 0.5–7 μM for C3 

and C4. Measurements were adjusted by the ratio of BAL/blood urea to account for dilution 

of ELF during BAL (Rennard et al., 1986).

Cytokine, urea and mRNA measurement—All Serum and supernatants INF-γ and 

IL-17A were assayed with EMD Milipore Human High Sensitivity T Cell panel 

HSTCMAG28SPMX21. In serum cytokine assays, TB cases were included in each plate to 

avoid batch bias. Urea was measured by Elisa (cat# Z5030016). Quantitative RT PCR for 

FoxP mRNA assay: lymphocyte cDNA was conducted with Biorad PrimePCR™ FAM 
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probes and primers: FoxP1 probe qHsaCIP0027768, FoxP3 probe qHsaCIP0026547 and 

GAPDH probe qHsaCEP0041396.

Bacterial rRNA gene qPCR and sequencing—All samples were processed at NYU. 

For DNA isolation, lysis was ensured by a freeze-thaw cycle, use of lysozyme and a heat 

step (56°C) at the beginning of the DNA isolation process. DNA was extracted with an ion 

exchange column (Qiagen). Total bacterial levels were determined by quantitative PCR 

(qPCR) using the LightCycler FastStart TaqMan Probe Master (Roche, Germany) in a Roche 

Lightcycler 480 Real-Time PCR system (Roche, Germany). Universal primers and probes 

were used to target conserved regions of the 16S rRNA gene (sequence 5′-3′ primers: 

8F=AGAGTTTGATYMTGGCTCAG; EUB361R= CGYCCATTGBGBAADATTCC; and 

probe = 6-FAM-TACGGGAGGCAGCAGT-BHQ1)(Gao et al., 2007). Duplicate 20 μl 

reactions were performed under the following reaction conditions: 10 μl Probe Master Mix, 

6 μl PCR-grade H2O, 1 μl of forward and reverse primer (10 pM/μl each), 1 μl TaqMan 

Probe (5 pM/μl) and 1 μl template DNA. PCR cycling conditions were as follow: initial 

denaturing at 95°C for 10 min, foll owed by 45 cycles of denaturation at 95°C for 10 

seconds, annealing at 54°C for 30 seconds, and extension at 72 C for 20 seconds.

High-throughput sequencing of bacterial 16S rRNA gene amplicons encoding the V4 region 

(150 bp read length, paired-end protocol) was performed using a MiSeq Illumina Sequencer. 

For each sample, the V4 region of the bacterial 16S rRNA gene was amplified in duplicate 

reactions, using primer set 515F/806R, which nearly universally amplifies bacterial and 

archaeal 16S rRNA genes.(Caporaso et al., 2012) Each unique barcoded amplicon was 

generated in pairs of 25μl reactions with the following reaction conditions: 11μl PCR-grade 

H2O, 10μl Hot MasterMix (5 Prime Cat# 2200410), 2μl of forward and reversed barcoded 

primer (5μM) and 2μl template DNA. Reactions were run on a C1000 Touch Thermal Cycler 

(Bio-Rad) with the following cycling conditions: initial denaturing at 94°C for 3 min 

followed by 35 cycles of denaturation at 94°C for 45 seconds, a nnealing at 58°C for 1 

minute, and extension at 72 C for 90 seconds, with a final extension of 10 min at 72°C. 

Amplicons were quantified using Agilent 2200 TapeStation system and pooled. Purification 

was then performed using Ampure XT (Beckman Coulter Cat# A63882) as per the 

manufacturer instructions. Sequencing was then performed in MiSeq (Illumina) to produce 

150 base-paired end reads.

Bacterial whole genome shotgun sequencing—Shotgun sequencing of isolated 

DNA was performed using a HiSeq Illumina Sequencer. Approximately, 20 million reads 

were obtained per sample (median[IQR]= 20,720,613 [19,553,497-21,154,173]). Adapter 

sequences were trimmed with Cutadapt(Martin, 2011), and overlapping Read1 and Read2 

sequences were stitched into a single read using fastq-join (ea-utils package, http://

code.google.com/p/ea-utils). Sequence quality control was performed with Prinseq 

(Schmieder and Edwards, 2011) with average PHRED cut-off of 25 and minimum quality 

cut-off score of 10.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Cox proportion hazard models—Multivariable models of TB rate were calculated in 

SPSS with incident TB as the outcome and serum cytokines and SCFA levels as predictors. 

Models were adjusted for age, gender, vital capacity, body mass index and serum acetate.

16S rRNA gene sequencing analysis—The 16S rRNA gene sequences were analyzed 

using the Quantitative Insights into Microbial Ecology (QIIME) pipeline for analysis of 

microbiome data(Caporaso et al., 2010). Reads were demultiplexed and quality filtered with 

default parameters. Sequences were then clustered (closed reference OTU picking) into 

operational taxonomic units (OTUs) using a 97% similarity threshold with UCLUST and the 

Greengenes 16S reference dataset and taxonomy (McDonald et al., 2012). After curating and 

removal of sequences potentially derived from reagent controls, the absolute OTU sequence 

counts were normalized to obtain the relative abundances of the taxa within each sample. 

The proportion of reads at the OTU or genus levels was used as a measure of the relative 

abundance of each type of bacteria. A median of 11,984 reads were obtained per sample 

(IQR= 6,793–27,387]. Further analysis was performed on rarefied data (depth of 5,000 reads 

in each sample). Rarefaction curves of OTUs assignment at variable sequence depth were 

constructed to evaluate α diversity. Weighted UniFrac was used to measure β diversity of 

bacterial communities and to perform principal coordinate analysis (PCoA) (Lozupone and 

Knight, 2005). We used the ade4 package in R to PCoA on weighted UniFrac distances. To 

avoid negative eigenvalues in the analysis, we used the Cailliez method to convert the 

weighted UniFrac distance matrix into a closest corresponding matrix with Euclidean 

properties, which was further used for PCoA (Cailliez, 1983). Microbiome analysis of BAL 

samples was compared with 16S data from background and upper airways.

To determine the genomic potential of these two pneumotypes, we computationally 

predicted the metagenome using Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States (PICRUSt)(Langille et al., 2013). This software tool 

uses the obtained 16S rRNA gene sequence data to predict the functional profile of a 

bacterial community based on an existing reference genome database. In a first step, 16S 

rRNA gene annotation is normalized by copy number. Then, the gene content is inferred 

based on a reference phylogenetic gene tree. Metagenomic pathway analysis was performed 

using STAMP with default parameters (Parks et al., 2014). Shannon Diversity index was 

utilized to evaluate α diversity of inferred metagenome. Bray Curtis dissimilarity index was 

used to measure β diversity of gene composition and to perform principal coordinate 

analysis (PCoA).

Bacterial whole genome shotgun sequencing analysis—NCBI’s Best Match 

Tagger (BMTagger) was utilized to remove human reads. Quality control removed 

approximately 8.9 million reads per sample. Of the remaining reads, approximately 3.5 

million were human and were removed. Of the remaining genetic information, an average of 

16.6% were of bacterial origin (range:4.0 to 30.1%), yielding on average 1.1 million 

bacterial reads/sample. High-quality sequences were then sequentially queried against a 

bacterial amino acid database constructed from IMG genomes as previously described(Fierer 

et al., 2013). This approach yield a median of 648,766 reads annotated to a KO pathway 
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(IQR= 618,285–709,552]. Shannon Diversity index of rarified data (depth 500,000 reads/

sample) was utilized to evaluate α diversity of shotgun metagenome. Differential taxa were 

identified using Linear Discriminant Analysis (LDA) Effect Size (Segata et al., 2011) with 

alpha value 0.01 and an “all-against-all” multi-class analysis strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Increased short chain fatty acids (SCFAs) predict TB risk in HIV patients on 

ART

• SCFAs block IFN-γ and IL-17A induced by M. tuberculosis antigens

• SCFAs induce FoxP1 and correlate with TB antigen induced pulmonary Tregs

• SCFAs in the lower airways are associated with increased lung anaerobic 

bacteria
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Figure 1. SCFA are present in the lungs of HIV-infected individuals on ART; inhibiting IFN-γ 
and IL-17A production after M. tuberculosis antigen stimulation
A. Acetate (open triangles), Propionate (closed circles) and butyrate (open boxes) are 

present in BAL. Concentrations are corrected for BAL induced dilution of epithelial lining 

fluid (ELF). Propionate is significantly elevated in HIV-infected subjects, Mann–Whitney U 
test. B. In HIV infected individuals with paired samples, ELF SCFA is higher than serum in 

all subjects, with a median ratio of 370. C. Addition of PPD to BAL cells demonstrates 

induction of FoxP3 CD4+ cells significantly correlates with in vivo ELF acetate or 

propionate at the time of bronchoscopy, Spearman correlation.
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Figure 2. Butyrate inhibits IFN-γ and IL-17A production after M. tuberculosis antigen 
stimulation and induces FoxP1 mRNA in CD4+ and CD8+ lymphocytes
A. Compared with PPD, butyrate inhibits IFN-γ and IL-17A production by PPD stimulation. 

Peripheral blood mononuclear cells of HIV-infected individuals on ART with latent 

tuberculosis were cultured in vitro without stimulation for three days (Unstim.), with PPD 

for three days (PPD) or with 2mM butyrate added with PPD three days (PPD+ Butyrate). 

Paired t test of log transformed data. B. Addition of 2mM butyrate inhibits IFN-γ and 

IL-17A expression in CD4+ and CD8+ lymphocytes stimulated with anti-CD3/CD28. 

Lymphocytes from 6 different individuals are shown. Paired t test of log transformed data. 

C. Addition of 2mM butyrate increases FoxP1 mRNA expression in CD4+ and CD8+ 

lymphocytes. Paired t test of log transformed FoxP/GAPDH.
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Figure 3. Propionate-detectable individuals have increased relative abundance of oral anaerobic 
bacteria in BAL
A. Rarefaction curve on taxonomic 16S rRNA gene annotation demonstrates no difference 

in α-diversity between the taxa in the microbiomes of 10 propionate-detectable and 29 

propionate-undetectable individuals. B. A principle component analysis based on UniFrac 

distance demonstrates a significant difference in the β-diversity between propionate-

detectable and propionate-undetectable individuals (p value based on PERMANOVA). C. 
LEfSe demonstrates enrichment of anaerobes such as Prevotella or Veillonella in the lung 

microbiome of propionate-detectable individuals. The histograms on top of the panel 

represent relative abundance of each taxa while the histograms below represent the LDA 

value. The name of the enriched taxa is at the bottom of the panel. D. There is a significant 

inverse correlation between BAL CD4+ lymphocytes and log10 transformed relative 

abundance of Prevotella or Veillonella in BAL. Spearman correlation.
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Table 1

Cox Multi-variable models of Incident TB*

TB predictors in enrollment serum HR 95% Cl p-value

Models with IFN-γ

1)
Halving IFN-γ 2.0 1.2–3.5 0.008

Doubling Butyrate 5.8 1.3–26 0.024

2)
Halving IFN-γ 2.1 1.2–3.7 0.006

Doubling Propionate 3.5 0.86–14 0.079

Models with IL-17A

1)
Halving IL-17A 1.6 1.1–2.2 0.011

Doubling Butyrate 5.3 1.4–21 0.017

2)
Halving IL-17A 1.7 1.2–2.4 0.005

Doubling Propionate 3.7 1.0–13 0.047

*
Adjusted for age, gender, vital capacity, body mass index and serum acetate
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