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Heightened Plasma Levels of Heme
Oxygenase-1 and Tissue Inhibitor of
Metalloproteinase-4 as Well as Elevated
Peripheral Neutrophil Counts Are
Associated With TB-Diabetes Comorbidity
Bruno B. Andrade, MD, PhD; Nathella Pavan Kumar, MS; Rathinam Sridhar, MD;

Vaithilingam V. Banurekha, MBBS; Mohideen S. Jawahar, MD; Thomas B. Nutman, MD;
Alan Sher, PhD; and Subash Babu, MBBS, PhD

Background: The increased prevalence of type 2 diabetes mellitus (T2DM) in countries endemic
for TB poses a serious complication in the clinical management of this major infectious disease.
Understanding the impact of T2DM on TB and the determinants of comorbidity is critical in
responding to this growing public health problem with better therapeutic approaches. Here, we
performed an exploratory study assessing a series of biologic parameters that could serve as markers
of pathogenesis in TB with T2DM.
Methods: Cross-sectional analyses of levels of heme oxygenase-1 (HO-1), acute phase proteins,
tissue metalloproteinases, and tissue inhibitors of metalloproteinase (TIMPs) as well as cytokines
and chemokines were performed in plasma samples from individuals with active pulmonary TB or
with coincident TB and T2DM from South India.
Results: Compared with patients with TB without diabetes, those with coincident T2DM exhib-
ited increased Mycobacterium tuberculosis bacillary loads in sputum. Plasma levels of HO-1 but
not of other acute phase proteins were higher in patients with TB and T2DM than in patients with-
out diabetes, independent of bacillary sputum loads. HO-1 concentrations also positively corre-
lated with random plasma glucose, circulating glycosylated hemoglobin, and low-density lipoprotein
levels. Moreover, patients with coincident TB and T2DM exhibited increased plasma levels of
TIMP-4 and elevated peripheral blood neutrophil counts, which, when considered together with
HO-1, resulted in increased power to discriminate individuals with active TB with and without
T2DM.
Conclusions: Elevated plasma levels of HO-1 and TIMP-4 and peripheral blood neutrophil counts
are potential single and combined markers of pathogenesis in TB and T2DM.
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Abbreviations: AFB = acid-fast bacilli; ANC = absolute neutrophil count; CRP = C-reactive protein; HbAlc = glycosy-
lated hemoglobin; HDL = high-density lipoprotein; HO-1 =heme oxygenase-1; IFN = interferon; LDL = low-density
lipoprotein; MMP = matrix metalloproteinase; Mtb = Mycobacterium tuberculosis; PCA = principal component analysis;
ROC = receiver operating characteristic; SAA = serum amyloid protein-A; T2DM = type 2 diabetes mellitus; TIMP = tissue
inhibitor of metalloproteinase; TNF = tumor necrosis factor

Type 2 diabetes mellitus (T2DM) and pulmonary
TB are two of the most prevalent comorbid condi-
tions in many parts of the world, and the convergence
of these diseases appears to pose a serious threat to
health care worldwide. Indeed, a variety of clinical
and epidemiologic studies have identified T2DM as
arisk factor for the development of active TB.! More-
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over, T2DM also appears to be associated with a greater
severity of TB disease among the infected population
and to have a detrimental effect on both disease pre-
sentation and response to treatment.2? Although the
clinical and public health significance posed by the dual
burden of TB and T2DM has been increasingly recog-
nized, data examining the immunologic and metabolic
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basis of susceptibility to TB in patients with diabetes
remain scarce. Although enhanced susceptibility to TB
in patients with T2DM was initially attributed to a rela-
tive immunodeficiency among patients with diabetes,
recent experimental and clinical studies are not con-
sistent with this explanation. Indeed, increased levels
of T helper cell 1, T helper cell 17, or both cytokines
have been described in both TB-infected diabetic mice*
and humans with TB and diabetes.>5

Heme oxygenase-1 (HO-1) is a major antioxidant
highly expressed in lung tissue and is a key stress-
response enzyme that degrades heme molecules, releas-
ing free iron, carbon monoxide, and biliverdin.” Recently,
we have shown that HO-1 levels can distinguish latent
or successfully treated TB from active disease with
high accuracy’ and that HO-1 levels can also distinguish
latent Mycobacterium tuberculosis (Mtb) infection
from active disease in children.? Interestingly, HO-1
levels have also been found to be elevated in T2DM,
a finding attributed to an enhanced proinflammatory
environment present in these individuals.'* Although
HO-1 has been shown to be an important biomarker
for TB severity, it has also been shown that other inflam-
matory markers, including acute phase reactants' and
matrix metalloproteinases (MMPs) and their endoge-
nous inhibitors,'21 can be used to distinguish patients
with active TB.

Therefore, we hypothesized that measurement of
HO-1 in combination with other markers might be
used to detect increased comorbidity in TB with T2DM.
To test this, we measured the levels of HO-1 and a
variety of other markers in a group of pulmonary Mtb-
infected individuals with and without T2DM. Our data
reveal that elevated plasma levels of HO-1 and tissue
inhibitor of metalloproteinase (TIMP)-4, in addition
to increased absolute neutrophil counts (ANCs) in the
blood, are potential markers of pathogenesis in TB
with T2DM.
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MATERIALS AND METHODS

Study Population

We studied a group of 88 individuals with active pulmonary
TB recruited from the TB Clinic at Stanley Medical Hospital,
Chennai, India—the first consecutive 44 with diabetes and the first
44 without (Table 1). All individuals were sputum smear and cul-
ture positive. T2DM was diagnosed on the basis of glycosylated
hemoglobin (HbAlc) levels and random blood glucose test, accord-
ing to the American Diabetes Association criteria (all individuals
with T2DM had HbAlc levels > 6.5% and random plasma glu-
cose>200 mg/dL). All individuals tested negative for HIV and
were naive to antituberculous treatment. The two groups did not
differ significantly in terms of radiologic extent of disease or site
of disease as assessed by chest radiograph readings from three inde-
pendent experts (data not shown). Anthropometric measurements
and biochemical parameters, including plasma glucose, lipid profile,
and HbAlc levels, were obtained using standardized techniques
detailed elsewhere.* Hematology was performed on all individuals
using the Act-5 Diff-hematology analyzer (Beckman Coulter, Inc).
The clinical databank used for the present study did not contain
information on other comorbidities or medications used to treat
diabetes and associated comorbid conditions. All individuals were
examined as part of a clinical protocol approved by the National
Institutes of Research in Tuberculosis Internal Ethical Committee
(study ID: NCT01154959, project approval number NIRT-IEC:
2010002), and informed written consent was obtained from all
participants.

I mmunoassays

Levels of HO-1 (Enzo Life Sciences, Inc), apotransferrin and
hepcidin (Usen Life Science Inc), CD163, CD14, PD-1, interferon
(IFN)-a, and IFN-B (R&D Systems, Inc) were measured using
enzyme-linked immunosorbent assay kits. Levels of C-reactive
protein (CRP), serum amyloid protein-A (SAA), haptoglobin,
a,-macroglobulin, and several cytokines and chemokines were
determined using a multiplex enzyme-linked immunosorbent assay
system (Bio-Rad Laboratories, Inc). Levels of MMP-1, MMP-7,
MMP-8, MMP-9, TIMP-1, TIMP-2, TIMP-3, and TIMP-4 were
measured using a Luminex kit from R&D Systems, Inc.

Data Analysis

The median values with interquartile ranges were used as mea-
sures of central tendency. Continuous variables were compared
using Mann-Whitney tests with Holm adjustment for multiple
comparisons. The x2 or Fisher tests were used to compare variables
displayed as percentage. Spearman rank tests were used to assess
correlations. Receiver operating characteristic (ROC) curves were
used to test the power of each biomarker to distinguish TB with
T2DM from TB with no T2DM cases. Multinomial logistic regres-
sion analyses adjusted for age, sex, BMI, total cholesterol, low-
density lipoprotein (LDL), high-density lipoprotein (HDL), and
triglycerides were performed to assess the OR of the associa-
tions between HO-1, TIMP-4, and/or ANC and TB with T2DM
comorbidity. Three models of principal component analysis (PCA)
were designed to assess how different combinations of candidate
biomarkers contribute to the differentiation between TB with
T2DM and TB without T2DM. In one model, only levels of HO-1,
TIMP-4, and ANC were inputted. A second model inputted levels
of several cytokines, chemokines, MMPs, and TIMPs, acute phase
proteins, soluble markers of cellular activation, blood cell counts,
and HO-1. A third model included all candidate biomarkers except
for HO-1, TIMP-4, and ANC. An unsupervised two-way hierar-
chical cluster analysis (Ward method) using the same variables
inputted in the different PCA models was used to specifically test
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Table 1—Characteristics of the Study Participants

Parameter TB (n=44) TB + Diabetes (n = 44) Difference Between Groups? P Value
Age,y 43 5 (20-70) 45 (33-70) 5(3to11) .002b
Men, No. (%) 38 (86.4) 31 (70.4) 0. 23 (—0.02 to 0.49) 119
BMI, kg/m2 22.2 (14.0-31.2) 23.9 (19.6-33.4) 7(=04to3.1) 11
Systolic BP, mm Hg 117 (90-169) 115 (82-152) —2 () (—8.0t0 8.0) 998
Diastolic BP, mm Hg 79 (40-112) 70 (59-90) —-9.5(—-9.0t00.2) .057
Random plasma glucose, mg/dL 1()1 5 (76-177) 287 (200-653) 180 (156 to 204) <.001>
HbAlc, % 6 (4.5-6.3) 11.3 (8.0-16.2) 3 (4.96 to 6.1) <.001b
Total cholesterol, mg/dL 182 5 (57-433) 215 (124-259) 30 5 (7.0 to 37) .008b
HDL, Ing/dL 47 (34-86) 38 (22-82) —8.0(—11to —4) <.001b
LDL, mg/dL 112 (65-205) 124 (47-185) 13.5 (=3 to 24) 119
Triglycerides, mg/dL 84 5 (57-433) 182 (57-679) 95.5 (47 to 104) <.001>
RBC count, X 105/nL 7(2.9-8.0) 6 (2.9-5.6) —0. 08 (—0.3to0 0.25) 798
Platelets, X 10%/p.L 311 (94-666) 411 (146-755) 40 (—48to 79) 590
WBC count, X 103 cells/p.L 10 3(5.3-24.3) ll 5(7.3-20.4) 2(—=0.1to2.6) .053
Neutrophils, X 103 cells/p.L 5(2.0-21.2) 8 (4.5-15.7) (0 5to2.3) 041
Eosinophils, X 103 cells/p.L 0. 22 (0.06-1.0) 0. 2’5 (0.2-1.0) 0. 03 (—0.3t03.4) .069
Basophils, X 108 cells/pLL 0. 08 (0.02-0.2) 0.09 (0.4-0.3) 0.12 (—0.01 to 0.27) .203
Monocytes, X 103 cells/pL 8(0.3-2.1) 0. 9’5 (0.3-1.9) 0.12 (—0.03 to 0.26) 125
Lymphocytes, X 108 cells/pL 8(0.9-3.3) 9 (0.98-4.3) 0.09 (—0.05 to 0.49) 100
AFB sputum grade 1 0 (1.0-2.0) 2 0 (1.0-3.0) 1.0 (0 to 1.0) 005>

Data represent medians and interquartile ranges, except for sex, which is displayed as % of individuals in each study group. Mann-Whitney tests
were used to compare continuous variables between the groups, and percent of men was compared using the Fisher exact test (for sex). AFB = acid-
fast bacillus; HbAlc = glycosylated hemoglobin; HDL = high-density lipoprotein; LDL = low-density lipoprotein.
“The differences and interquartile ranges were calculated subtracting the median (or fraction) values assessed in the group of individuals with

TB-diabetes comorbidity from those detected in the group of individuals with TB without diabetes.

bp <.05.

whether the patients with TB with and without T2DM could be
clustered separately. C-statistics ultimately tested the discrimina-
tory power of each model illustrated in PCA and cluster analysis
and compared with the performance of potential confounding
factors (age, sex, BMI, total cholesterol, HDL, and triglycerides).

RESULTS

Plasma Levels of HO-1, but Not of Acute Phase
Proteins, Are Significantly Higher in Individuals
With TB and T2DM

Individuals with coincident TB and T2DM were
older and had higher concentrations of total cholesterol
and triglycerides as well as lower HDL than patients
with active TB without diabetes (Table 1). The two clin-
ical groups were similar in sex, BMI, BP, and most of
the hematologic parameters (Table 1). Since HO-1 has
been previously shown to be an accurate marker for
TB disease severity,’ we compared plasma HO-1 levels
between individuals with TB and T2DM and TB and
no T2DM. Individuals with TB and T2DM exhibited
significantly higher levels of HO-1 than individuals
with TB and no T2DM (Fig 1A). Because inflammation
per se could cause nonspecific elevations of HO-1in TB
with T2DM, we measured the levels of other inflam-
matory markers (eg, SAA, CRP, a,,-macroglobulin, and
haptoglobin) in all individuals. Interestingly, plasma
levels of all of these well-validated markers of inflam-
mation did not differ between the study groups
(Fig 1A). Thus, the ability of HO-1 to discriminate
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TB with T2DM from TB without T2DM was clearly
higher than each of the other acute phase reactants
tested (Fig 1B). Upon analysis of the entire study popu-
lation, circulating levels of HO-1 positively correlated
with parameters associated with severity and worse
prognosis in diabetes, including levels of plasma glucose
(Fig 2A), HbAlc (Fig 2A), and LDL (Fig 2A). Individ-
uals with diabetes had higher acid-fast bacilli (AFB)
sputum grades than patients without diabetes (Fig 2B,
Table 1), suggesting that TB and T2DM comorbidity
favors a reduced capacity to control Mtb infection.
We then tested the potential influence of diabetes on
HO-1 levels in patients with active TB by comparing
individuals with diabetes with patients without diabetes
matched for AFB sputum grade. We found that individ-
uals with TB and T2DM displayed significantly higher
concentrations of HO-1 than patients with TB and no
T2DM independent of the AFB grade (Fig 2C). Inter-
estingly, HO-1 levels positively correlated with plasma
concentrations of IFN-y (Fig 2D) and tumor necrosis
factor (TNF)-a (Fig 2E) but not with IL-17A (Fig 2F).
These three cytokines have been previously shown to
be increased in individuals with TB and T2DM com-
pared with those with TB and no T2DM.6 In addition,
a significantly higher number of individuals presenting
with simultaneously high values of HO-1 and elevated
concentrations of IFN-y, TNF-«, or IL-17A was
detected in the TB with T2DM group (Figs 2D-F).
These results suggest that in TB with T2DM, path-
ways involving activation of HO-1 are involved.
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FIGURE 1. Plasma HO-1 levels are elevated in individuals with diabetes with active pulmonary TB.
A, Plasma concentrations of HO-1, SAA, CRP, a,-macroglobulin, and haptoglobin from 44 individ-
uals with active pulmonary TB without diabetes (TB) and 44 individuals with active pulmonary TB with
diabetes (TB + D) were compared using Mann-Whitney tests. P values shown are adjusted for multiple
measurements (Holm method). Bars represent median values. B, Receiver operating characteristic
curves were used to assess the performance of HO-1 and the acute phase proteins to (fistinguish indi-
viduals with TB with diabetes from those with TB without diabetes (detailed C-statistic is shown on the
left). AUC = area under the curve; CRP = C-reactive protein; HO-1=heme oxygenase-1; SAA = serum

amyloid protein-A.

Individuals With TB and T2DM Exhibit Significant
Elevations in Plasma Levels of TIMP-4

Increased levels of MMPs are associated with disease
severity in TB.213 To test whether MMPs and TIMPs
are also altered in TB with T2DM, we compared
plasma levels of several of these enzymes in individuals

with TB and T2DM and TB and no T2DM. Among all
of these markers, TIMP-4 alone showed important dif-
ferences between the groups. Individuals with TB and
T2DM exhibited higher levels of TIMP-4 than indi-
viduals with TB and no T2DM (Fig 3A). The ability
of TIMP-4 to discriminate between the two groups of
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FIGURE 2. Plasma levels of HO-1 are associated with TB-diabetes comorbidity. A, Plasma concentrations
of HO-1 were tested for correlations with glycemia (plasma glucose levels), percent of circulating HbAlc,
and LDL cholesterol using Spearman rank tests. B, Mycobacterium tuberculosis quantitative bacillary
sputum grade determined by AFB staining was compared between individuals with active TB with diabetes
(TB + D) and without diabetes (TB) using the Mann-Whitney test. Data represent mean and SD.
C, The study participants were stratified according to the quantitative bacillary sputum grade, and levels
of HO-1 were compared between individuals with TB with and without diabetes with similar sputum
grades using Mann-Whitney tests. Bars represent median values; *P <.05; **P <.01. D-F, Correlations
between plasma levels of HO-1 and IFN-y (D), TNF-a (E), or IL-17A (F) were assessed using Spearman
tests. Graphs on the right show frequency of individuals displaying simultaneously values of HO-1 and
IFN-y, TNF-a, and IL-17A plasma concentrations higher than their respective medians in the study
population. Data were analyzed using Fisher exact test. AFB = acid-fast bacillus; HbAlc = glycosylated
hemoglobin; hi = higher than median values; IFN = interferon; LDL = low-density lipoprotein; TNF =
tumor necrosis factor. See Figure 1 legend for expansion of other abbreviations.
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FIGURE 3. Plasma levels of TIMP-4 are elevated in individuals with active pulmonary TB with diabetes. A, Plasma concentrations of
MMP-1, MMP-7, MMP-8, MMP-9, TIMP-1, TIMP-2, TIMP-3, and TIMP-4 were compared between individuals with active TB with
diabetes (TB + D) and without diabetes (TB) using Mann-Whitney tests adjusted for multiple measurements (Holm method). Bars repre-
sent median. B, Receiver operating characteristic curves were used to test the performance of HO-1 or TIMP-4 to distinguish individuals
with TB with and without diabetes. C, Levels of TIMP-4 and HO-1 were tested for correlation using the Spearman test. Dotted lines on
the x-axis represent the median value of HO-1 within the total group of [())atients with pulmonary disease, and dotted lines on each y-axis
indicate median values for TIMP-4. Patients were stratified in categories based on the values of HO-1 and/or TIMP-4 below or above their
respective median values in the study population. The frequency of patients in each category was compared between the group of
M tuberculosis-infected individuals with or without diabetes using the X2 test. D, The study participants were stratified according to the
quantitative bacillary sputum grade, and levels of TIMP-4 were compared between individuals with TB with and without diabetes with
similar sputum grades by the Mann-Whitney test. Bars represent median; *P <.05. E, OR (multinomial logistic regression) adjusted for
age, sex, BMI, total cholesterol, high-density lipoprotein (HDL), LDL, and triglycerides were calculated to assess the associations between
levels of TIMP-4 and/or HO-1 above their respective median values in the study population and the presence of TB-diabetes comorbidity.
Univariate analyses are also shown for comparison. lo =lower than median values; MMP = matrix metalloproteinase; NS = nonsignificant;
TIMP = tissue inhibitor of metalloproteinase. See Figure 1 and 2 legends for expansion of other abbreviations.

patients was only slightly lower than HO-1 (Fig 3B).
However, levels of HHO-1 did not correlate with those
of TIMP-4 (Fig 3C). Interestingly, the number of indi-
viduals exhibiting concomitantly high levels of HO-1
and TIMP-4 was dramatically increased in TB with
T2DM (Fig 3C). When matched for AFB sputum grades,
patients with diabetes still displayed higher values of
TIMP-4 than patients without diabetes (Fig 3D). We
next measured the associations between the presence
of increased levels of TIMP-4, HO-1, or both, and the
odds for having coincident TB and T2DM after adjust-
ment for age, sex, BMI, total cholesterol, HDL, LDL,
and triglycerides. Individuals with plasma concentra-
tions of TIMP-4 above the median value established
for the entire study population (9.5 ng/mL) were six
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times more likely to have coincident TB and T2DM
than those with lower measurements (Fig 3E), whereas
patients exhibiting HO-1 levels above the median value
of study population (1.62 ng/mL) were approximately
seven times more likely to have this comorbid condi-
tion than those with lower HO-1 values (Fig 3E). The
strength of association with TB and T2DM comor-
bidity was considerably increased when the values of
both TIMP-4 and HO-1 were elevated (Fig 3E).

Individuals With TB and T2DM Exhibit Increased
Absolute Peripheral Neutrophil Counts

ANC:s in blood from TB with T2DM cases were
significantly higher than in patients with TB and no
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T2DM (Fig 4A). The ANC did not correlate with
either the plasma concentrations of HO-1 (Fig 4B) or
TIMP-4 (Fig 4C). Nevertheless, individuals displaying
concomitantly greater ANC and increased HO-1 or
TIMP-4 levels were more frequent in the group of
patients with TB and T2DM (Figs 4B, 4C). ANCs
alone, however, were inferior to HO-1 or TIMP-4 in
discriminating between patients with TB and T2DM
and patients with TB and no T2DM (Fig 4D). Since
these three variables (HO-1, TIMP-4, and ANC) were
not correlated to each other and appeared to be inde-
pendent markers of TB with T2DM, we hypothesized
that a composite score using data from all three vari-
ables would increase the discrimination between the

olds) to 3 (all variables above their thresholds). Using
this approach, we found that patients with TB and
T2DM displayed significantly higher scores than indi-
viduals with TB and no T2DM (Fig 4D). In addition,
the score exhibited a better overall discriminatory
performance compared with each individual variable
(Fig 4E). As expected, the composite score revealed a
dramatically high positive association with TB and
T2DM (Fig 4F).

PCAs of the Proposed Pathogenic Markers for
TB With T2DM

Having demonstrated that plasma levels of HO-1

groups. ROC curve analyses established threshold levels
from each variable with optimal discriminatory power.
A score of 1 point was given to individuals presenting
with values of either HO-1, TIMP-4, or ANC above
their respective thresholds, resulting in a combined
score ranging from 0 (no variables above their thresh-

A Neutrophils

B

C

and TIMP-4, and to a lesser extent ANC, contribute
to the ability to discriminate TB with T2DM from TB
without T2DM, we next used PCA models with dif-
ferent inputs to better define the role of these markers
in the context of several other biomarkers. In the first

PCA model (Fig 5A) in which only HO-1, TIMP-4, and
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FIGURE 4. Patients with TB-diabetes comorbidity exhibit increased peripheral blood neutrophil counts in addition to elevated plasma
levels of HO-1 and TIMP-4. A, Neutrophil counts in the blood were compared between individuals with active TB with diabetes (TB + D)
and without diabetes (TB) using Mann-Whitney tests. Bars represent median values. B, C, Neutrophil counts and HO-1 or TIMP-4 were
tested for correlations using Spearman tests. Dotted lines on the x-axis represent the median values of HO-1 or TIMP-4 within the total group
of patients with pulmonary disease, and dotted lines on each y-axis indicate median values for neutrophil counts. Patients were stratified in
categories based on the values of the plasma markers and/or neutrophil counts below or above their respective median values in the study
population. The frequency of patients in each category was compared between the group of M tuberculosis-infected individuals with or
without diabetes using the x2 test. D, ROC curve analysis established the cutoff values for HO-1, TIMP-4, and neutrophil counts with the
highest likelihood ratio to infer occurrence of TB-diabetes comorbidity. These cutoff values were computed into a score according to the
number of variables displaying values above their respective cutoff values. E, ROC curves compare the performance of the composite score
in segregating patients with TB-diabetes comorbidity from those patients with TB without diabetes with the individual parameters. F, ORs
per increase in 1 unit of the composite score adjusted for age, sex, BMI, total cholesterol, HDL, LDL, and triglycerides were calculated to
assess the associations between the composite score and the presence of TB-diabetes comorbidity. Univariate analyses are also shown for
comparison. Neut = neutrophil; ROC = receiver operating characteristic. See Figure 1-3 legends for expansion of other abbreviations.
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FIGURE 5. PCA of candidate biomarkers for TB-diabetes comorbidity. A, Three PCA models computing data from plasma levels of several
candidate biomarkers in combination with blood cell counts were used to assess if the clinical groups can be segregated. Normal contour
ellipsoids were used to show limits of each clinical group (coverage area=50%). The percentage of variance from the PCs shown in dif-
ferent three-dimensional graphs is described below each graph. B, All the biomarkers used in the PCA models are displayed. Variables are
colored in red or blue if t%le lI)evels in patients with diabetes and TB were significantly higher or lower (P <.05) than in patients with TB
without diabetes, respectively, using Mann-Whitney tests after adjustin% for multiple measurements (Holm method) (see Table 2 for
details). C, Unsupervised clustering analyses (Ward method) used using the different combinations of candidate biomarkers shown in the
diverse PCA models. A two-way clustering approach was used. Data on biomarkers were not normalized or transformed. Individuals with
or without diabetes were listed in rows, and each biomarker was placed in a different column. The squares in the heat maps represent
values below or above the median levels of a given biomarker in the study population (n =48). D, ROC curve analyses were performed to
estimate in a quantitative way the performance of the different combinations of biomarkers used in the PCA and cluster analyses in segre-
gating patients with TB-diabetes comorbidity from those patients without diabetes with TB. A fourth model was included to assess potential
influence of confounding variables. G-CSF = granulocyte colony stimulating factor; GM-CSF = granulocyte macrophage colony stimu-
lating factor; PC = principal component; PCA = principal component analysis; PDGF = platelet-derived growth factor; sCD = soluble
cluster of differentiation; sPD-1 = soluble Programmed Death-1; TGF = transforming growth factor. See Figure 1-4 legends for expansion
of other abbreviations.

ANC were used, we verified that patients from the two with no intersection (Fig 5A). To verify the contribu-
different groups clustered separately but with notable tion of HO-1, TIMP-4, and neutrophil count in the
intersection. A second model included data from mea- context of all these other biomarkers, we designed a
surements of several other parameters (Fig 5B) and third model excluding just these three variables. With
showed that the two clinical groups clustered separately this modification, the intersection between the groups
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Table 2—Distribution of the Biomarkers Used in the Principal Component Analysis

Biomarker Units TB (n=44) TB + Diabetes (n = 44) Difference Between Medians® P Value
OLZ—Macroglobulin ng/mL 3, 286 (2,748-4,024) 3, 513 (2,721-4,104) 226 8 (—296 to 499) 501
Apotransferrin ng/mL 8 (2.6-6.5) 1(2.1-7.0) 3 (—325t0 12.6) .808
CRP mg/L 55 4 (48.7-65.1) 58 2 (52.8-69.9) 8 (—2.6 to 8.16) 298
CCL2 pg/mL 313.0 (203.9-321.2) 313.0 (239.3-427.2) () () (0.0 to 100.4) 248
CCL4 pg/mL 289.7 (165.2-362.7) 2242 (173.2-755.9) —65.5 (—53.0to 75.8) 681
CCL11 pg/mL 308.8 (250.1-378.4) 304.7 (257.0-418.0) —4.1 (—34.0 to 35.2) 925
CXCL10 pg/mL 10 6 (8.5-14.5) 10.6 (9.1-13.9) 0.0 (—1.46to 1.6) .866
G-CSF pg/mL 61 (51.2-90.2) 59.8 (46.2-92.5) - 1 2(—=9.8t09.5) .853
GM-CSF pg/mL 59.6 (54.4-70.1) 62.7 (54.4-93.7) 1(—2.1t016.0) 182
Haptoglobin ng/mL 1,210 (977.8-1,421) 1,185 (927.5-1,430) —25 2 (=179 to 138) 710
Hepcidin ng/mL 87 9 (41.0-191.1) 90 9 (30.7-226.7) 3 0(—4.0to 33.1) 811
HO-1 ng/mL 4(1.2-1.7) 9 (1. 6 2.6) 5 (0.3 t0 0.73) <.001b
IFN-a pg/mL 11 3 (10.2-14.5) 11 7 (10.9-12.9) () 4 (—=0.9t00.8) .820
IFN-B pg/mL 10.3 (6.6-17.5) 6(5.1-6.8) —4.7(=74to —1.9) <.001b
IFN-y pg/mL l()Z 7 (67.4-374.6) 987 5 (431.6-1,179) 884.8 (463 to 912) <.001b
IL-1a pg/mL 2(1.1-1.6) 2(1.2-1.6) 0.0 (—=0.09t0 0.17) .833
IL-1B pg/mL l()3 0 (84.4-116.3) 113 4(99.5-164.5) 10 4 (4.2t0 34.4) .008b
IL-1Ra pg/mL 869.8 (659.0-1,274) 873.4 (630.2-1,254) 6 (—228to 191) 881
112 pg/mL 10 6 (6.6-17.4) 15 7 (7.5-23.6) 1(0.5t07.3) .025b
IL-4 pg/mL, 3(0.2-0.5) 3(0.3-0.5) 0. 01 (—0.04t0 0.1) 337
1L-5 pg/mL 3(0.1-0.7) 1(0.1-0.2) —0.2 (—=0.6 to —0.03) .003b
1L-6 pg/mL 583 5 (402.5-822.1) 74/ 5 (561.1-1,027) 164.0 (12.2 to 307) .033b
1L-8 pg/mL 515.3 (330.0-989.1) 418.7 (299.7-793.9) —96.6 (—217 to 70.1) .409
1L-10 pg/mL 104.5 (81.3-136.0) 168.5 (111.4-211.7) 64 0(30.2 to 82.1) <.001°
1L-12p70 pg/mL 42.6 (34.9-52.3) 44.6 (35.8-84.9) .0(0.0to 15.5) .099
1L.-13 pg/mL 53.0 (37.7-67.5) 55.0 (47.1-86.0) 0(—24to17.2) 128
1L-17A pg/mL 116.4 (98.7-136.4) 214.0 (132.6-310.3) 97 6 (71.2 to 162.9) <.001°
1L-17F pg/mL 112 6 (61.6-235.7) 80.0 (66.0-116.5) —32.6 (—62.7t0 2.2) 075
1L.-18 pg/mL 9 (4.6-20.1) 20 1(12.8-30.2) 12.2 (7.5 to0 15.5) <.001°
11.-22 pg/mL 30 3 (16.8-59.1) 5(7.9-12.0) —20.8 (—27.6 to —13) <.001°
MMP-1 ng/mL 4(3.7-8.1) 3(4.2-7.5) —1 1(—1.7to0 836.9) 562
MMP-7 ng/mL 13 2 (10.2-18.8) 13 2 (10.2-18.8) 0(=19to1.9) .999
MMP-8 ng/mL 207.7 (165.0-317.0) 220.0 (161.4-285.8) 12 3 (—44.0 t0 33.0 735
MMP-9 ng/mL 614 1 (483.9-868.4) 657 6 (511.6-1,791.8) 5 (=119 to 104) .994
PDGF ng/mL 8 (2.9-7.6) 8 (2.6-7.9) 0(=1.7to1.3) 713
SAA ng/mL 3(3.8-4.9) 6 (4.1-51.2) 3(—=0.1t00.6) 213
sCD14 pwg/mL 5(5.4-13.7) 3(4.9-12.1) —0 2 (=3.0to 1.5) .602
sCD163 pwg/mL ( .8-2.0) ( .7-2.0) —0.1 (—0.15 to 0.02) .168
sPD-1 pg/mL 3(5.4-16.8) 0(5.6-13.4) —0.3(—=3.3t0 1.7) 617
TGF-B pg/mL 231 4 (182.0-340.9) 210 4 (165.5-284.8) —21.0 (—=52.4 to 20.6) 482
TIMP-1 ng/mL 222.3 (156.7-259.6) 221.7 (184.9-271.0) —0.6 (—18.2 to 44.0) 429
TIMP-2 ng/mL 260 9 (229.7-309.7) 277 6 (224.1-312.3) 16 7(—24.0 to 40.1) 785
TIMP-3 ng/mL .6(0.4-1.3) 8(0.4-1.4) 2 (—=0.05 to 241.6) 315
TIMP-4 ng/mL .6 (7.4-10.1) 11 1(9.0-14.4) 5(0.9to 3.8) <.001°
TNF-a pg/mL 618 9 (383.0-686.0) 690.3 (628.0-1038) 71 4 (94.0 to 362.3) <.001°

Data are presented as median (interquartile range). Univariate comparisons using Mann-Whitney tests were used to compare the concentrations
of each biomarker between the study groups. CRP = C-reactive protein; G-CSF = granulocyte colony stimulating factor; GM-CSF = granulocyte
macrophage colony stimulating factor; HO-1 =heme oxygenase-1; IFN = interferon; MMP = matrix metalloproteinase; PDGF = platelet-derived
growth factor; SAA = serum amyloid protein-A; sSCD = soluble cluster of differentiation; sPD-1 = soluble Programmed Death-1; TGF = transforming
growth factor; TIMP = tissue inhibitor of metalloproteinase; TNF = tumor necrosis factor.

“The differences and interquartile ranges were calculated subtracting the median values assessed in the group of individuals with TB-diabetes
comorbidity from those detected in the group of individuals with TB without diabetes.

bP <05 after adjustment for multiple measurements (Holm method).

was dramatically increased (Fig 5A), implying that
HO-1, TIMP-4, and ANC are indeed the critical com-
ponents discriminating TB with T2DM from TB with-
out T2DM in this larger panel. These results were
reinforced by cluster analysis using the same combi-
nation of the markers from the PCA (Fig 5C). ROC
curve analysis ultimately compared the overall per-
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formance of the diverse combination of candidate
biomarkers and also combined potential confounding
factors in distinguishing TB with T2DM from TB with-
out T2DM (Fig 5D). Interestingly, when only infor-
mation on age, sex, BMI, total cholesterol, HDL, LDL,
and triglycerides were considered, the discrimina-
tory performance was poor (area under the curve,
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0.58; 95% CI, 0.46-0.70; P = .197) (Fig 5D). The best
performance was achieved only when HO-1, TIMP-4,
and ANC were considered in the context of several
other candidate biomarkers. This approach confirmed
that among several markers of inflammation, tissue
remodeling, immune activation, and oxidative stress,
HO-1, TIMP-4, and ANC are optimal for discrimina-
tion of TB with T2DM from TB without T2DM.

DiscussioN

Prompt and accurate TB diagnosis is already a major
issue,’ and the presence of diabetes adds complica-
tions in both the diagnostic and therapeutic aspects of
TB control. Although there is growing evidence that
diabetes increases susceptibility to TB,2316 the host
factors that influence this complex interaction are
largely unexplored. In the present study, we examined
some of the host factors that could potentially influ-
ence TB and T2DM comorbidity, focusing on param-
eters known to influence susceptibility to TB disease,
disease severity, or response to treatment.

HO-1 promotes cytoprotection in diverse disease
models including mycobacterial infection. We have
previously shown that systemic levels of HO-1 are dra-
matically increased in individuals with active TB and
particularly in those with bilateral lung lesions and
elevated bacillary loads in the sputum.® HO-1 is also
known to be elevated in patients with T2DM and in
individuals with impaired glucose regulation.!”'” Here,
elevated plasma HO-1 concentrations positively corre-
lated with HbAlc, suggesting association with a state
of sustained hyperglycemia, which is known to be a
major factor driving T2DM-related complications.’
Thus, HO-1 is a likely candidate for a molecule that
may be involved in the interaction between TB and
T2DM. Indeed, we found that HO-1 levels, by them-
selves, clearly discriminate patients with TB with T2DM
from patients with TB without T2DM. Acute phase
proteins are highly sensitive reactants induced during
inflammatory responses and are known to be elevated
in patients with TB.1 Notably, CRP has been proposed
as a biomarker for active TB.20

Our findings have two important implications con-
cerning the acute phase protein response in TB with
T2DM. First, they reveal that diabetes has negligible
effects in the acute inflammatory processes seen in TB,
and second, they reveal that the increased levels of
HO-1 in patients with TB and T2DM are not merely
the consequence of a generalized elevation of acute
phase reactants occurring when diabetes is superim-
posed on TB. Because HO-1 is a major antioxidant
induced in responses to stress, we speculate that the
higher values of this biomarker seen in TB with T2DM
reflects the existence of greater oxidative stress in dia-
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betic TB lesions, a hypothesis that should be addressed
in future mechanistic studies.

The disease process in pulmonary TB involves
enzymatic degradation of lung tissue by MMPs.1221.22
This situation is reflected by the increased MMP levels
in patients with TB, which correlate with disease sever-
ity.! We have recently observed that plasma levels
of MMPs and TIMPs are elevated in pediatric patients
with TB compared with age-matched healthy children.?
Furthermore, T2DM by itself is known to affect
expression of MMPs and TIMPs.22* However, our data
clearly indicate that in the context of TB, further ele-
vations in MMP levels are not a hallmark of TB with
T2DM. TIMPs are endogenous regulators of MMP
and modulate tissue pathology in inflammatory con-
ditions. Our data reveal that TIMP-4 alone among the
four recognized TIMPs is significantly elevated and
serves as a powerful marker for TB with T2DM.
Although TIMP-1 and TIMP-3 are believed to play
protective roles in the development of diabetes,2326 the
function of TIMP-4 in either diabetes or TB remains
unknown. Elevated levels of TIMP-4 could mean that
either this factor plays a direct role in pathogenic pro-
cesses associated with TB and T2DM comorbidity or
it could be a more accurate readout of increased tissue
damage than other tissue remodeling enzymes induced
in stress responses. Notably, increased tissue expres-
sion of TIMP-4 has been recently linked to the pro-
gression of periodontal inflammation associated with
T2DM.2" Additional studies will be necessary to clarify
the role of TIMP-4 in pathologic processes in TB and
T2DM comorbidity.

Neutrophils are a critical component of the innate
immune response to TB and are believed to contribute
to disease protection through oxidative killing of myco-
bacteria.s These cells can also promote pathology in
conditions of high bacterial load, which favor neutro-
phil accumulation,** and a neutrophil-dominant inter-
feron signature in whole blood has been shown to
correlate with active TB disease.?! Therefore, our obser-
vation of peripheral neutrophilia in TB with T2DM is
not surprising given that the same individuals display
higher bacterial loads in sputum. Whether neutrophils
directly contribute to the enhanced morbidity seen in
patients with TB and T2DM remains to be determined.

It is possible that duration of TB disease could have
an impact on the disease parameters, which may be
reflected in changes in the levels of inflammatory
markers such as those presented here. The present
cross-sectional study recruited patients with TB at the
time when disease became clinically evident, and we
do not have reliable information on duration of disease
prior to presentation for enrollment. This is a common
problem in cross-sectional studies assessing patients
with TB. The contribution is nonetheless important,
since we identify three independent mechanisms of
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disease involving HO-1, TIMP-4, and neutrophils,
respectively, in the TB-T2DM interaction. Regardless
of mechanism, the findings from the present study
strongly argue that certain parameters of TB severity
are increased as a consequence of comorbid T2DM
and correlate with poor glycemic control. Such dif-
ferences would not easily be detected from chest
radiograph readings alone, and indeed we could not
find clear-cut differences in the radiographs between
patients with diabetes and patients without diabetes
in the population studied here.

In the present study, we also analyzed a variety of
other factors known to play a role in either diabetes or
TB. We assessed the importance of these multiple
markers in discriminating individuals with TB and
T2DM from individuals with TB and no T2DM using
PCA and cluster analysis. Our results argue that
although significant differences exist in other param-
eters between the TB with T2DM and TB without
T2DM, it is HO-1 in conjunction with TIMP-4 and
ANC that provides the most accurate combined param-
eter of TB and T2DM comorbidity.

CONCLUSIONS

This study highlights novel pathways that appear
to be heavily influenced by the presence of T2DM in
pulmonary TB. The observed association of these three
different mechanistic pathways—one involving a cyto-
protective enzyme, a second involving a regulator of
tissue fibrosis, and the third involving the innate arm
of the immune system—illustrates the complexity of
the interaction between diabetes and TB, and we hope
it will assist in the development of interventions for
this growing comorbidity.
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