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Background. Identification of proinflammatory factors responding to Mycobacterium tuberculosis is important to reduce long- 
term sequelae of pulmonary tuberculosis (TB).

Methods. We examined the association between plasma biomarkers, the fraction of exhaled nitric oxide (FeNO), and lung 
function among a prospective cohort of 105 adults newly diagnosed with TB/human immunodeficiency virus (HIV) in South 
Africa. Participants were followed for 48 weeks from antiretroviral therapy (ART) initiation with serial assessments of plasma 
biomarkers, FeNO, lung function, and respiratory symptoms. Linear regression and generalized estimating equations were used 
to examine the associations at baseline and over the course of TB treatment, respectively.

Results. At baseline, higher FeNO levels were associated with preserved lung function, whereas greater respiratory symptoms 
and higher interleukin (IL)-6 plasma levels were associated with worse lung function. After ART and TB treatment initiation, 
improvements in lung function were associated with increases in FeNO (rate ratio [RR] = 86 mL, 95% confidence interval 
[CI] = 34–139) and decreases in IL-6 (RR = −118 mL, 95% CI = −193 to −43) and vascular endothelial growth factor ([VEGF] 
RR = −178 mL, 95% CI = −314 to −43).

Conclusions. Circulating IL-6, VEGF, and FeNO are associated with lung function in adults being treated for TB/HIV. These 
biomarkers may help identify individuals at higher risk for post-TB lung disease and elucidate targetable pathways to modify the risk 
of chronic lung impairment among TB survivors.
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With approximately 10 million cases diagnosed annually, tu
berculosis (TB) remains one of the leading causes of infectious 
disease deaths worldwide. In recent years, however, there has 
been growing recognition of pulmonary sequelae of TB, where
by 30%–50% of those cured have impaired lung function de
spite successful treatment completion [1, 2]. Although 
mechanisms associated with post-TB lung disease remain un
clear, studies have implicated various factors as potentially im
portant, including neutrophilic inflammation, extracellular 

matrix degradation by matrix metalloproteinases (MMPs), ei
cosanoid and cytokine imbalances, and altered cell death path
ways, including necrosis and autophagy [3, 4].

Host immune responses to TB have been implicated in lung 
injury, with higher levels of plasma cytokines such as interleu
kin (IL)-1β, interferon (IFN)-γ, tumor necrosis factor-α, IL-6, 
and IFN-inducible protein 10 measured early during TB treat
ment being linked with bacterial burden, lung pathology, and 
TB disease severity [5–7]. However, few studies have evaluated 
associations between biomarkers and respiratory impairment 
over the course of TB treatment, despite the fact that both 
host responses and bacterial burden are highly dynamic after 
TB treatment initiation [7–9]. Relating host responses to respi
ratory outcomes is important, because reduced lung function is 
associated with decreased survival in various pulmonary diseas
es [10, 11], and host-directed therapies targeting relevant path
ways could decrease long-term morbidity in these individuals. 
The relationship between host inflammation and lung tissue 
damage is also particularly relevant to patients infected with 
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human immunodeficiency virus (HIV) who initiate antiretrovi
ral therapy (ART) after TB diagnosis, because these patients 
may develop immune reconstitution inflammatory syndrome 
(IRIS), which we have previously shown to be associated with 
local lung inflammation and loss of lung function [12].

Although most studies examining the relationship between 
lung function and immune responses have assessed plasma bio
markers, more direct measures of airway inflammation may 
also be useful. For example, the fraction of exhaled nitric oxide 
(FeNO) in breath is a commonly used point-of-care biomarker 
for eosinophilic airway inflammation in asthma [13, 14]. 
Production of nitric oxide has been linked with host defense 
against Mycobacterium tuberculosis (Mtb); therefore, either ab
normally low or high levels of this biomarker could plausibly 
relate to lung pathology in TB. This relationship was reported 
in a study of 200 TB patients in Indonesia among whom a lower 
FeNO was associated with more severe TB disease, lower odds 
of culture conversion, and lower odds of successful treatment 
[15]. However, to date, no studies have assessed the relation
ship between FeNO levels and lung function in those with TB 
or with TB and HIV coinfection. Because point-of-care 
FeNO measurement is available in many respiratory clinics, in
vestigation of the relationship between FeNO and lung func
tion in TB disease may inform strategies of clinical care.

We performed serial measurements of plasma cytokines and 
FeNO in a well characterized cohort of people newly diagnosed 
with HIV and TB who were initiating ART and TB treatment. 
We then leveraged longitudinal models to evaluate the associ
ation between trajectories of biomarker levels and changes in 
lung function during and after TB treatment.

METHODS

Settings and Design

Between 2016 and 2019, we recruited ART-naive, HIV-infected 
adults with drug-sensitive pulmonary TB in Gauteng, South 
Africa as part of a prospective observational cohort entitled 
the Lung Function after TB-IRIS (LIFT-IRIS) study. In this 
study, we investigated the relationship between immune recov
ery after ART initiation and pulmonary function [16]. Study 
participants were followed for up to 48 weeks after ART initi
ation. Data before ART initiation (baseline), then at 4, 12, 24, 
and 48 weeks thereafter, are reported here. CD4 counts and 
HIV viral loads were measured at baseline and 4 weeks after 
ART initiation. Plasma was collected at baseline and then at 4 
and 12 weeks after ART initiation, when inflammation is typi
cally greatest during TB treatment. Lung function and FeNO 
were measured at all study visits (ie, baseline, weeks 4, 12, 24, 
and 48) because these measurements are noninvasive and do 
not require phlebotomy. All participants were treated with 
standard first-line tuberculosis treatment (isoniazid, rifampin, 
ethambutol, and pyrazinamide) and ART (ie, efavirenz, 

tenofovir, emtricitabine) as per South African guidelines. 
Participants were clinically screened for additional opportunis
tic infections and other clinical events at all follow-up visits by 
study physicians. In the current analysis, we included study 
participants who had at least 1 follow-up measurement of 
lung function and biomarkers after baseline.

Lung Function and Fraction of Exhaled Nitric Oxide

Pulmonary function tests (PFTs) were conducted using an 
EasyOne Pro spirometer (New Diagnostic Designs Medical 
Technologies, Andover, MA) at all study visits. Data were inter
preted according to American Thoracic Society/European 
Respiratory Society guidelines [17]. Forced expiratory volume 
in 1 second (FEV1) and forced vital capacity (FVC) values 
were obtained as absolute volumes (milliliter) and percentage- 
predicted values, which are standardized based on height, age, 
race, and sex [18]. Respiratory symptoms, which are associated 
with survival in multiple lung diseases [19, 20], were assessed 
using the chronic obstructive pulmonary disease (COPD) 
Assessment Test (CAT). The CAT is a standardized question
naire that assesses the impact of respiratory symptoms (cough, 
sputum, dyspnea, chest tightness, activity limitation, confi
dence performing activities, sleep, and energy) on health status. 
Each item scores from 0 (none) to 5 (severe) and sums to cal
culate a total CAT score [21]. The FeNO measurements began 
after approximately one third of the cohort had completed a 
baseline visit and were collected at all visits thereafter with a 
Niox Vero device (Circassia, Morrisville, NC).

Quantitation of Plasma Analyses

Concentrations of various plasma proteins were measured us
ing custom-made multianalyte bead kits (R&D Systems, 
Minneapolis, MN). Multiplex analyses were set up according 
to manufacturer’s recommendations.

Pulmonary Inflammation
18F-fluorodeoxyglucose positron emission tomography- 
computed tomography (18F-FDG PET/CT) was used to assess 
active lung inflammation at baseline and week 4 in a consecu
tively enrolled subset of a planned study with 48 participants, as 
previously described [16]. In brief, scans were done using an in
tegrated 40-detector PET/CT scanner (Biograph 40 Truepoint 
PET/CT; Siemens Medical, IL, Hoffman Estates). We applied 
a threshold of >1 standardized uptake value (SUV) within 
the segmented lung area. The total FDG signal for this 3-di
mensional area was multiplied by the region’s volume, and 
the aggregate activity in both lungs is referred to as the total gly
colytic activity (TGA).

Statistical Analysis

Categorical data were described as frequency and percentages, 
and continuous data were described as means and standard 
deviations. Plasma levels were log10-transformed for analysis. 
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Linear regression models were used to analyze the cross- 
sectional association between baseline predictors and the base
line FEV1 or FVC percentage predicted (which is standardized 
by height, age, race, and sex), with adjustment for baseline CD4 
count. Next, generalized estimating equation (GEE) analyses 
were conducted using longitudinal data from all available study 
visits, using plasma biomarkers and FeNO as the predictors and 
the absolute value of FEV1 (milliliter) or FVC as the outcome. 
Each lung function, plasma biomarker, and FeNO were fitted 
into each longitudinal GEE model and adjusted for age, sex, 
and the change in CD4 count between baseline and week 4, giv
en demonstrated associations between these variables and lung 
function in this cohort previously [12]. Finally, for the partici
pants who underwent 18F-FDG PET/CT scans at baseline, lin
ear regression was used to explore the association between 
biomarkers and pulmonary inflammation, as determined by 
quantitative assessment of 18F-FDG activity expressed either 
as SUVs or TGAs [16]. In addition, as a supplementary analysis, 
we explored baseline relationships between FeNO (parts per 
billion [ppb]) and plasma biomarkers using linear regression 
and longitudinal relationships using GEE analyses. Statistical 
analyses were performed using R, version 3.6.1.

Ethics

The clinical protocol was approved by the Human Research 
Ethics Committee of the University of Witwatersrand in 
South Africa and the University of Pennsylvania Institutional 
Review Board in the United States of America. All study partic
ipants provided written informed consent before participation 
in this study.

RESULTS

There were 105 participants with plasma biomarker measure
ments and PFTs at baseline and at least 1 follow-up visit avail
able for inclusion in this analysis. The average age of the cohort 
was 37.7 years (±8.3), 63 (60%) of whom were male and 38 
(36%) were ever smokers, with an average pre-ART CD4 count 
of 132 cells/μL (±112) at baseline and 237 cells/μL (±172) at 
week 4 (Table 1). Over the course of the study period, partici
pants typically had improvement in respiratory symptoms, as 
assessed by the CAT score, moving from a baseline average 
of 7.4 (±6.2) (with cough, sleeplessness, and breathlessness as 
the 3 most common symptoms) to 0.3 (±0.8) at week 48. 
During the same period, both FEV1 and FVC percentage pre
dicted increased from 77.2% to 83.7% and 83.8% to 91.7%, re
spectively, but FeNO values did not change substantially. 
Seventeen and 24 participants experienced a decrease in 
FEV1 and FVC percentage predicted measurement at week 
48 compared to baseline (−10% ± 9% and −8% ± 6%, respec
tively). At baseline among the 48 patients completing FDG 
PET-CT scans, one third had cavitation and approximately 
19% of the lung was involved (Table 1).

At baseline, models adjusting for CD4 count demonstrated 
that FEV1 percentage predicted was inversely associated with 
total CAT score (−0.91%, 95% confidence interval [CI] =  
−1.48% to −0.34%) and log-scaled IL-6 (−5.22%, 95% CI =  
−8.24% to −2.20%) (Table 2). In contrast, higher FeNO values 
were associated with higher FEV1 percentage predicted values 
(4.72%, 95% CI = 1.37% to 8.07%). Models evaluating the asso
ciation between baseline parameters and FVC percentage pre
dicted that were adjusted for baseline CD4 count also found 
significant associations between total CAT score and IL-6 lev
els, in addition to significant inverse associations with 
MMP-1 and CXCL-10 (Supplementary Table 1). There was 
no significant association between FeNO and FVC percentage 
predicted at baseline.

In the longitudinal GEE models, a total of 105 participants 
with a mean of 3.8 visits per participant (equivalent to 270 ob
servations) were included among patients with at least 1 follow- 
up measurement of lung function and plasma biomarkers avail
able for analysis. Between baseline and week 12, increases in in
flammatory biomarkers were generally associated with declines 
in FEV1, with statistically significant associations for every 
log-scale increase in IL-6 over time (−134 mL, 95% CI =  
−220 mL to −47 mL) and vascular endothelial growth factor 
([VEGF] −146 mL, 95% CI = −284 mL to −8 mL). These asso
ciations remained significant after adjusting for age, sex, and 
changes in CD4 counts from baseline to week 4 (IL-6, 
−118 mL and 95% CI = −193 mL to −43 mL; VEGF, 
−178 mL and 95% CI = −314 mL to −43 mL) (Table 3). The 
FEV1 and CAT score were measured from baseline up to 
week 48, yielding 439 observations for inclusion in the GEE 
model. For every 1-unit increase in CAT score, FEV1 decreased 
by an average of 33 mL (95% CI = −46 mL to −20 mL) after ad
justing for age, sex, and changes in CD4 counts from baseline to 
week 4. In longitudinal models with FVC as the outcome, there 
were significant associations between FVC and IL-6 and CAT 
score, although not with VEGF (Supplementary Table 2).

We next evaluated the association between lung function and 
FeNO using 321 observations across all visits between baseline 
and week 48. For every 10-ppb increase in FeNO, FEV1 increased 
by an average of 86 mL (95% CI = 34 mL to 139 mL) after ad
justing for age, sex, and changes in CD4 counts from baseline 
to week 4 (Table 3). Similar associations were found between 
changes in FeNO and FVC over time (Supplementary 
Table 2). At baseline, cigarette smoking was associated with 
FeNO in a linear regression model adjusted for age, sex, and 
baseline CD4 count, such that participants who had ever smoked 
had a lower FeNO (−9.14 ppb, 95% CI = −16.15 to −2.12) 
(Supplementary Table 3). However, there was no association be
tween circulating biomarkers and FeNO at baseline. Given that 
NO is a biological mediator of innate immune function, we 
also explored associations between FeNO and circulating im
mune biomarkers. In a series of longitudinal GEE models with 
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FeNO as an outcome, higher plasma levels of CCL-2 and vascu
lar cell adhesion molecule (VCAM) were significantly associated 
with increased FeNO over time (CCL-2, 4.38 ppb and 95% CI  

= .33 ppb to 8.42 ppb; VCAM, 2.3 ppb and 95% CI = .24 ppb 
to 4.35 ppb). Higher plasma VCAM levels remained significantly 
associated with increased FeNO (2.4 ppb, 95% CI = .26 ppb to 

Table 1. Characteristics of Study Population Over 48 Weeks of Antiretroviral Treatment

Baseline Week 4 Week 12 Week 24 Week 48
(n = 105) (n = 83) (n = 77) (n = 79) (n = 79)

Sociodemographic and Clinical Characteristics

Age (years) 37.7 (8.3) - - - -

Male sexa 63 (60%) - - - -

CD4 count (cells/μL) 132 (112) 237 (172) - - -

Viral load (copies/mL) median, IQR 177 082 (68 934–637 789) 375 (197–1066) … … …

Ever cigarette smokera 38 (36%) - - - -

Body mass index (kg/m2)b 20.0 (3.1) - - - -

CAT score 7.4 (6.2) 3.9 (4.9) 1.4 (1.9) 0.6 (1.7) 0.3 (0.8)

Cough 1.50 (1.15) 0.74 (0.90) 0.29 (0.51) 0.10 (0.34) 0.10 (0.34)

Phlegm 0.943 (0.897) 0.573 (0.770) 0.338 (0.620) 0.127 (0.463) 0.0380 (0.192)

Tight chest 0.619 (0.955) 0.280 (0.614) 0.0260 (0.160) 0 (0) 0 (0)

Breathlessness 1.09 (1.22) 0.573 (0.994) 0.143 (0.451) 0.0886 (0.398) 0 (0)

Limited activities 0.886 (1.30) 0.463 (0.984) 0.143 (0.506) 0.0380 (0.192) 0.0380 (0.338)

Lung condition 0.333 (0.884) 0.207 (0.680) 0.0260 (0.160) 0.0127 (0.113) 0 (0)

Unenergetic 0.74 (1.29) 0.37 (0.92) 0.12 (0.36) 0.04 (0.19) 0.03 (0.16)

Sleepless 1.27 (1.18) 0.70 (1.09) 0.27 (0.72) 0.20 (0.84) 0.05 (0.35)

Time between ART and ATT (d)b 30.0 (18.4) - - - -

Lung Function and Airway Measures

FEV1 (liters) 2.4 (0.7) 2.4 (0.7) 2.4 (0.7) 2.6 (0.7) 2.6 (0.7)

FEV1 percentage predicted (%) 77.2 (19.3) 78.1 (19.3) 79.0 (17.5) 82.6 (15.8) 83.7 (17.5)

FVC (liters) 3.1 (0.9) 3.2 (0.8) 3.2 (0.8) 3.4 (0.8) 3.4 (0.8)

FVC percentage predicted (%) 83.8 (18.7) 87.1 (19.0) 86.8 (14.4) 90.7 (13.9) 91.7 (15.7)

FeNO (ppb) 23.5 (14.2) 21.2 (8.8) 21.7 (11.2) 21.5 (12.0) 23.1 (17.8)

Plasma Biomarkers (pg/mL−1)

Collagen-1a 2700 (1880) 2760 (1770) 5270 (2600) - -

TIMP1 182 000 (117 000) 184 000 (115 000) 156 000 (107 000) - -

CCL-2 229 (105) 180 (74.7) 189 (92.4) - -

CXCL11 111 (87.4) 75.5 (83.5) 61.0 (78.7) - -

IL-8 13.9 (8.2) 13.0 (9.2) 9.01 (4.3) - -

MMP-1 1230 (1240) 1090 (706) 907 (699) - -

VCAM1 2 340 000 (1 360 000) 1 930 000 (1 470 000) 1 170 000 (667 000) - -

CXCL10 555 (636) 470 (697) 228 (190) - -

IL-6 7.9 (10.5) 10.4 (28.3) 3.9 (7.8) - -

MCSF 192 (123) 174 (129) 117 (86.7) - -

uPA 960 (356) 905 (298) 760 (235) - -

VEGF 17.1 (9.1) 16.2 (10.4) 14.5 (10.6) - -
18F-fluorodeoxyglucose Positron Emission 

Tomography-Computed Tomographyc

Percentage of lung involved, median (IQR) 19% (6%–31%) … … … …

Cavitation on CT scan, n (%) 18 (33%) … … … …

Mean SUV, median (IQR) 1.6 (1.3–2.2) … … … …

Maximum SUV, median (IQR) 8.7 (5.3–13.9) … … … …

CT hard volume, median mL (IQR) 37 (24–113) … … … …

Region of interest volume, median mL (IQR) 464 (148–718) … … … …

Total lung glycolytic activity, median (IQR) 768.8 (197.8–1585.1) … … … …

Abbreviations: ART, antiretroviral therapy; ATT, antitubercular therapy; CT, computed tomography; CAT, COPD Assessment Test; FeNO, fraction of exhaled nitric oxide; FEV1, forced 
expiratory volume in 1 second; FVC, forced vital capacity; IL, interleukin; IQR, interquartile range; MCSF, macrophage colony-stimulating factor; MMP, matrix metalloproteinase; ppb, 
parts per billion; SUV, standardized uptake value; uPA, urokinase-type plasminogen activator; VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor.  

NOTE: Continuous variable data are presented as mean (standard deviation), exceptional to viral load and 18F-fluorodeoxyglucose positron emission tomography-computed tomography 
(median and IQR) and categorical data as frequency (percentage). ‘-’dash means either not applicable or not measured.  
aCategorical variables expressed as frequency (percentage).  
bEleven percent missing in smoke, body mass index, time between ART and ATT, and viral load.  
cAvailable for 48 subset participants.
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4.53 ppb) after adjusting for age, sex, and changes in CD4 counts 
(Supplementary Table 4).

Finally, in the subset of 48 participants in whom PET-CT 
scans were performed, we measured the association between 
total lung glycolytic activity on 18F-FDG PET-CT imaging 
and both FeNO and circulating biomarkers. At baseline, higher 
glycolytic activity in the lungs, suggesting higher lung inflam
mation, was associated with lower levels of collagen-1a 
(−1106.7, 95% CI = −1727.7 to −485.6) and higher levels of 
MMP-1 (604.07, 95% CI = 59.7 to 1148.4) and IL-6 (528.58, 
95% CI = 165.0 to 892.1) (Supplementary Table 5).

DISCUSSION

In this prospective cohort study of adults with newly diagnosed 
HIV and TB, we evaluated the association between plasma bio
markers and FeNO with lung function after the initiation of 
ART and TB treatment. We found that higher plasma levels 
of IL-6 and VEGF, worse respiratory symptoms, and lower 
FeNO values were associated with worse lung function both be
fore and after ART initiation. These findings highlight an 

important link between dynamic host inflammatory profiles 
and patient-oriented respiratory outcomes in people with 
HIV and TB coinfection.

Numerous epidemiologic studies indicate that up to half of 
the adults treated for pulmonary TB have objective evidence 
of respiratory impairment that persists after cure [1, 2]. 
However, mechanisms of lung tissue damage in TB remain un
clear, and few investigations have included people with HIV. 
Previous analyses from this cohort demonstrated that more ro
bust adaptive immune responses, assessed as Mtb-specific CD4 
T cells, were associated with greater radiographic lung inflam
mation, which was, in turn, associated with worse lung function 
[16]. The present study extends these findings by linking higher 
levels of IL-6, an innate immune biomarker, and VEGF, which 
drives angiogenesis, with worse lung function at baseline and 
during treatment.

Our results are broadly consistent with a purported role of 
IL-6 in lung diseases including COPD [22], asthma [23, 24], 
and TB-IRIS [25, 26]. Interleukin-6 induces protective 
anti-Mtb responses including IFN-γ [27]; however, IL-6 may 
also drive TB pathology, including local tissue necrosis, thereby 

Table 2. Baseline Linear Regression Model of FEV1 Expressed as a Percentage-Predicted Value

FEV1 Percentage Predicted

Unadjusted Linear Regression Adjusted for CD4

n Coefficient 95% CI Coefficient 95% CI

Sociodemographic and Clinical Characteristics

Age (years) 105 0.35 −.09 to .80 0.36 −0.08 to 0.80

Male sex 105 −3.98 −11.59 to 3.63 −4.85 −12.30 to 2.59

CD4 count (cells/μL)a 105 −4.02 −7.29 to −.76 … …

Ever cigarette smoker 100 0.21 −8.07 to 8.48 −0.19 −8.25 to 7.87

Body mass index (kg/m2) 100 0.71 −.60 to 2.01 0.45 −0.84 to 1.75

CAT score 105 −0.99 −1.56 to −.41 −0.91 −1.48 to −0.34

Time between ART and ATT (d)a 99 −0.08 −2.34 to 2.18 −0.21 −2.41 to 1.99

Airway Measures

FeNO (ppb)a 80 5.44 2.12 to 8.77 4.72 1.37 to 8.07

Plasma Biomarkers (pg/mL−1)b

Collagen-1a 105 3.51 −1.79 to 8.81 3.36 −1.82 to 8.54

TIMP-1 105 1.56 −3.80 to 6.92 1.58 −3.65 to 6.82

CCL-2 105 6.02 −1.55 to 13.59 3.79 −3.96 to 11.53

CXCL-11 105 −0.27 −3.14 to 2.60 −0.93 −3.78 to 1.92

IL-8 105 0.03 −6.83 to 6.89 −1.35 −8.14 to 5.43

MMP-1 105 −4.05 −8.96 to .86 −3.10 −8.00 to 1.80

VCAM-1 105 2.71 −4.01 to 9.44 −0.18 −7.23 to 6.87

CXCL-10 105 −3.31 −8.30 to 1.68 −3.78 −8.65 to 1.09

IL-6 105 −5.57 −8.63 to −2.51 −5.22 −8.24 to −2.20

MCSF 105 −2.50 −7.48 to 2.49 −3.04 −7.91 to 1.83

uPA 105 −3.78 −14.61 to 7.04 −6.18 −16.86 to 4.51

VEGF 105 −4.18 −10.15 to 1.80 −5.05 −10.90 to .79

Abbreviations: ART, antiretroviral therapy; ATT, antitubercular therapy; CAT, COPD Assessment Test; CI, confidence interval; FeNO, fraction of exhaled nitric oxide; FEV1, forced expiratory 
volume in 1 second; IL, interleukin; MCSF, macrophage colony-stimulating factor; MMP, matrix metalloproteinase; ppb, parts per billion; uPA, urokinase-type plasminogen activator; VCAM, 
vascular cell adhesion molecule; VEGF, vascular endothelial growth factor.  

NOTE: Significant data P resented in bold.  
aThe regression results are interpreted as per 100 CD4 cell counts, per 10 days between ATT and ART, per 10 ppb of fractional exhaled nitric oxide.  
bPlasma biomarkers: log-transformed and regression coefficients interpreted as per log-fold change.
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propagating Mtb replication [28] and exacerbating pulmonary 
inflammation [26, 29]. Although IL-6 levels typically decline or 
stabilize during TB treatment [30, 31], sustained and robust as
sociations between IL-6 and lung function over time in the pre
sent study further highlight its clinical relevance in TB. A recent 
study by Gupte et al [7] also found that higher levels of IL-6 
were associated with poor treatment outcomes and death in 
people with TB and suggested IL-6 levels could be used as a 
clinical biomarker. Drivers of high IL-6 levels could include 
mycobacterial burden [31], genetic variability [32], or the syn
ergistic effect of pathogens (HIV and Mtb) among 
HIV-TB-coinfected individuals [33]. Anti-IL-6 treatment has 
been successfully used in severe cases of TB-associated inflam
mation [29], and such treatment could be further investigated 
in pulmonary TB. Our findings that relate IL-6 levels to local 
lung inflammation suggest that FDG PET-CT could be a useful 
approach for the identification of patients who may benefit 
from anti-inflammatory therapies, for example, in clinical tri
als. Given consistent associations between impaired lung func
tion and death [10, 11], interventions to dampen excessive 
elevations in IL-6 may provide an opportunity to improve long- 
term pulmonary outcomes for people with HIV and TB.

Higher plasma levels of VEGF were also associated with low
er lung function at baseline and over the course of TB treat
ment, although this association was only significant for FEV1 

and not for FVC. Vascular endothelial growth factor, like 
IL-6, has been previously linked to the severity of TB disease; 
however, few such studies have included repeated measures 
of lung function or data from people with HIV coinfection 
[34, 35]. Vascular endothelial growth factor, a mediator of an
giogenesis, is released in response to tissue inflammation, 
which likely underlies its expression in patients with more se
vere TB disease [36]. The association with FEV1 but not FVC 
in our cohort may reflect a particular role for VEGF in airway 
remodeling, as has been shown in COPD [37–39]. Secretion 
of VEGF from Mtb-infected macrophages may also facilitate 
mycobacterial spread by inducing the formation of blood 
vessels [40, 41]. Thus, host-directed therapies targeting 
VEGF-mediated angiogenesis may also merit investigation in 
future trials [34, 35, 41].

We demonstrated that FeNO, an exhaled biomarker tradi
tionally linked to eosinophilic inflammation in asthma, was as
sociated with lung function during TB treatment. Specifically, 
we found that lower FeNO levels were associated with lower 

Table 3. Longitudinal Analysis of the Marginal Association Between the FEV1 and Other with Time-Varying Variables

FEV1 mL

Unadjusted
Adjusted for Age, Sex, and Change in 

CD4 Counte

N Rate Ratio 95% CI Rate Ratio 95% CI

Sociodemographic and Clinical Characteristics

CD4 count (cells/μL)a,b 190 −44 −122 to 33 - -

CAT score 439 −35 −49 to −22 −33 −46 to −20

Airway Measure

FeNO (ppb) 321 105 38 to 172 86 34 to 139

Plasma Biomarkers (pg/mL−1)b,c,d

Collagen-1a 270 65 −53 to 183 89 −21 to 198

TIMP-1 270 44 −89 to 177 20 −113 to 154

CCL-2 270 234 18 to 451 129 −66 to 325

CXCL-11 270 −49 −112 to 14 −40 −95 to 15

IL-8 270 −122 −287 to 42 −58 −205 to 89

MMP-1 270 −108 −266 to 50 −136 −290 to 18

VCAM-1 270 14 −146 to 174 26 −103 to 155

CXCL-10 270 −79 −187 to 30 −82 −186 to 21

IL-6 270 −134 −220 to −47 −118 −193 to −43

MCSF 270 −68 −180 to 44 −84 −200 to 31

uPA 270 −98 −370 to 174 −69 −279 to 141

VEGF 270 −146 −284 to −8 −178 −314 to −43

Abbreviations: CAT, COPD Assessment Test; CI, confidence interval; FeNO, fraction of exhaled nitric oxide; FEV1, forced expiratory volume in 1 second; MCSF, macrophage colony-stimulating 
factor; MMP, matrix metalloproteinase; ppb, parts per billion; uPA, urokinase-type plasminogen activator; VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor.  

NOTE: Significant data are presented in bold.  
aCD4 count over time analysis was performed up to week 4.  
bThe regression results are interpreted as per 100 CD4 cell counts and per 10 ppb of fractional exhaled nitric oxide.  
cFEV1 and biomarkers over time analyses were performed up to week 12.  
dPlasma biomarkers: log-transformed.  
eA covariate of change in CD4 count was generated from the CD4 count at week 4 minus that at baseline.
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lung function, thus highlighting the potential for FeNO as a 
noninvasive biomarker of lung health during TB treatment. 
Although other studies have not shown an association between 
FeNO and clinical outcomes [42, 43], our findings are support
ed by Ralph et al [15] who found that a lower FeNO was asso
ciated with both more severe TB disease on chest x-ray (CXR) 
and lower lung function in a cohort of 200 people with pulmo
nary TB in Indonesia. Ralph et al [15] have also shown that a 
persistently low FeNO after treatment initiation was associated 
with delayed sputum culture conversion. Collectively, these 
data support the notion that pulmonary bioavailability of 
NO, as measured by FeNO, correlates with improved TB dis
ease outcome, and further supports its potential role as a bio
marker for tracking TB treatment response and respiratory 
health. The association between low levels of NO within the 
lungs and reduced lung function could reflect either ongoing 
damage in the context of delayed microbial clearance or im
paired recovery and remodeling. It is interesting to note that 
we did not find an association between FeNO and IL-6 and 
VEGF, indicating that FeNO and the circulating biomarkers 
are independently associated with lung function and may rep
resent distinct biological pathways of lung damage and healing 
during TB treatment. However, this analysis was exploratory 
and further data are needed. Given the ongoing uncertainty 
surrounding the drivers of NO production in TB, future studies 
could leverage cell-based and animal models to better delineate 
whether low NO reflects bacterial burden or a lower host re
sponse, whether innate or adaptive, to Mtb.

Our study has several limitations. First, our findings are lim
ited to people with newly diagnosed HIV and TB. These pa
tients have not been well characterized with respect to lung 
function, historically, but they may be immunologically distinct 
in that virologic declines lead to robust adaptive immune re
covery during TB treatment. Second, in light of the hypothesis- 
generating nature of this study, we did not correct for multiple 
testing (eg, Bonferroni correction). Although such corrections 
can avoid false-positive findings in confirmatory studies, they 
can be overly conservative for hypothesis-generating studies 
and increase the chance of false-negative findings (ie, type II er
ror). Third, we did not perform baseline CXRs as part of the 
study protocol, nor did we collect data on bacterial burden 
(eg, Xpert MTB/RIF cycle threshold). As a result, we were un
able to evaluate the relationship between lung function, bio
markers, CXR findings, and bacterial load. Fourth, CD4+ 

T-cell count and viral load are only monitored at baseline 
and week 4 because our goal of the study was primarily to eval
uate how early response to ART related to early immune recov
ery and subsequent lung damage. Moreover, CD4+ T-cell count 
and viral load are not routinely measured in South Africa; 
hence, our study was not able to evaluate complete viral sup
pression at the later time points. However, all participants 
were clinically screened at all follow-up visits by study 

physicians, and none of them were considered to have experi
enced ART failure at week 24 or week 48. Finally, the plasma 
biomarker assays were only collected during the first 12 weeks 
of TB treatment, when inflammation is highest, and relation
ships after treatment completion also may be clinically relevant. 
Although our study primarily aimed to evaluate early respons
es, future studies could incorporate plasma biomarker mea
surements over the full course of TB treatment, thus 
permitting insights into how biomarkers, such as IL-6 and 
VEGF, change over the course of treatment.

Our data add to a growing list of biomarkers linked to lung 
function in people with TB that may, in turn, reflect targetable 
pathways for therapeutic interventions to improve long-term 
lung health [41]. We have previously shown that a substantial 
number of people with TB and HIV coinfection had persistent
ly impaired lung function 48 weeks after initiation of standard 
ART and antitubercular therapy [12]. Host-directed therapies 
that modulate the innate immune response may limit the extent 
of lung injury among TB patients, including those with HIV. Of 
note, Stek et al [44] recently conducted a randomized trial of a 
28-day course of prednisone at the time of ART initiation in 
adults with advanced HIV and TB and found statistically signif
icant associations between prednisone use and changes in lung 
function over time. Although the effect of prednisone on lung 
function was not sustained through 24 weeks, benefits were ap
parent early during treatment. These findings support ongoing 
efforts to modulate host inflammation to improve long-term 
lung health among those being treated for pulmonary TB.

CONCLUSIONS

In conclusion, we found significant associations among IL-6, 
VEGF, and FeNO with lung function among people with 
HIV who initiated both ART and TB treatment. These circulat
ing and exhaled biomarkers may point to potential therapeutic 
targets for reducing pulmonary morbidity among TB survivors.
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