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Ying Luo1*, Ying Xue2, Guoxing Tang1, Yimin Cai3, Xu Yuan1, Qun Lin1, Huijuan Song1,
Wei Liu1, Liyan Mao1, Yu Zhou4, Zhongju Chen1*, Yaowu Zhu1*, Weiyong Liu1*,
Shiji Wu1*, Feng Wang1* and Ziyong Sun1*

1 Department of Laboratory Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China, 2 Department of Immunology, School of Basic Medicine, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan, China, 3 Department of Epidemiology and Biostatistics, Key Laboratory of
Environmental Health of Ministry of Education, School of Public Health, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China, 4 Department of Laboratory Medicine, Zhejiang Provincial People’s Hospital,
People’s Hospital of Hangzhou Medical College, Hangzhou, China

Background: Easily accessible tools that reliably stratify Mycobacterium tuberculosis
(MTB) infection are needed to facilitate the improvement of clinical management. The
current study attempts to reveal lymphocyte-related immune characteristics of active
tuberculosis (ATB) patients and establish immunodiagnostic model for discriminating ATB
from latent tuberculosis infection (LTBI) and healthy controls (HC).

Methods: A total of 171 subjects consisted of 54 ATB, 57 LTBI, and 60 HC were
consecutively recruited at Tongji hospital from January 2019 to January 2021. All
participants were tested for lymphocyte subsets, phenotype, and function. Other
examination including T-SPOT and microbiological detection for MTB were performed
simultaneously.

Results: Compared with LTBI and HC, ATB patients exhibited significantly lower number
and function of lymphocytes including CD4+ T cells, CD8+ T cells and NK cells, and
significantly higher T cell activation represented by HLA-DR and proportion of
immunosuppressive cells represented by Treg. An immunodiagnostic model based on
the combination of NK cell number, HLA-DR+CD3+ T cells, Treg, CD4+ T cell function, and
NK cell function was built using logistic regression. Based on receiver operating
characteristic curve analysis, the area under the curve (AUC) of the diagnostic model
was 0.920 (95% CI, 0.867-0.973) in distinguishing ATB from LTBI, while the cut-off value
of 0.676 produced a sensitivity of 81.48% (95% CI, 69.16%-89.62%) and specificity of
91.23% (95% CI, 81.06%-96.20%). Meanwhile, AUC analysis between ATB and HC
according to the diagnostic model was 0.911 (95% CI, 0.855-0.967), with a sensitivity of
81.48% (95% CI, 69.16%-89.62%) and a specificity of 90.00% (95% CI, 79.85%-95.34%).
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Conclusions: Our study demonstrated that the immunodiagnostic model established by
the combination of lymphocyte-related indicators could facilitate the status differentiation
of MTB infection.
Keywords: lymphocyte, immunological biomarkers, immunodiagnostic model, active tuberculosis, latent
tuberculosis infection, differential diagnosis
INTRODUCTION

Tuberculosis (TB) remains a major global health issue as a
leading infectious disease caused by Mycobacterium tuberculosis
(MTB) infection (1). It was reported that there were around 10
million cases and 1.5 million deaths in 2019 (2). Most subjects
suffered with MTB infection stay clinically asymptomatic which is
called latent TB infection (LTBI). A relatively small proportion of
these individuals would develop to active TB (ATB) during their
life (3, 4). TB control strategies largely focus on identification and
treatment of people with ATB. Accurate and early diagnosis could
minimize therapy period and maximize quality of life. Therefore,
developing novel biomarkers for TB diagnostics with satisfactory
value has become a priority for TB control.

To date, ATB diagnosis mainly relies on either insensitive
(acid fast bacilli smears) or time consuming (mycobacterial
culture) methods (5). The clinical use of these approaches
often leads to defer initiation of therapy. Molecular methods
such as GeneXpert MTB/RIF and GeneXpert MTB/RIF Ultra
have begun to overcome some of these barriers (6–8). However,
such tests cannot show sufficient advantages due to their
suboptimal sensitivity that cannot meet clinical needs (9).
Besides, they are unable to differentiate live from dead
mycobacteria, and remain prohibitively expensive to operate.
Interferon gamma release assays, including QuantiFERON-TB
Gold In-Tube based on enzyme-linked immunosorbent assay
and T-SPOT based on enzyme-linked immune-spot assay, were
availably used to detect MTB infection (10–12). Nevertheless,
both of these two methods could not distinguish between ATB
and LTBI, while were also not recommended for ATB diagnosis
especially in area with high TB burden (13).

Meanwhile, several studies described the utility of T cell
receptor beta variable from peripheral blood for diagnosing
MTB infection (14, 15). Howbeit, the current validation is
limited and further exploration is needed. Multiple limitations
registered by conventional tests of etiology hurdles to the timely
diagnosis of disease and contribute to promote clinical
progression as well as continued transmission. Recent advances
in genomics (16, 17), transcriptomics (18–20), proteomics
(21–23), and metabolomics (24–26) have effectively facilitated
the diagnosis of TB. But these emerging methods often require
prohibitively complex equipment and operations, which
hinder their promotion of clinical applications. Meanwhile,
most investigations in this area are preliminary. The results
regarding clinical diagnostic value of these approaches were
usually obtained in small sample populations or regions with
limited incidence, and have not been verified by multiple centers
and large sample sizes.
org 2332333
Besides, previous work has reported the low number of
lymphocytes in TB patients (27). In addition, several studies
have identified the specific characteristics of the immunophenotype
in TB patients (28, 29). Furthermore, our team has previously
introduced a novel method-lymphocyte function assay for
evaluating lymphocyte function (30, 31). The test could reflect the
activation, chemotaxis, and cytotoxicity of lymphocytes through the
percentage of IFN-g released under PMA/ionomycin stimulation
(32). We have verified its diagnostic and prognostic value among a
variety of disease models including lymphoma (33), kidney
transplantation (31), and carbapenem-resistant organism infection
(34). Up to now, there are few investigations of lymphocyte function
assay in the area of TB diagnosis. Therefore, it is necessary to
conduct a more comprehensive assessment of TB patients by
combining the number, phenotype, and function of lymphocytes.
The present study aims to clarify lymphocyte-related immune
signatures of individuals under different status of MTB infection
and investigate the diagnostic role of these indicators for the
distinguishment between ATB, LTBI, and healthy controls (HC).
METHODS

Study Design
The present study was performed at Tongji Hospital from
January 2019 to January 2021. Adult participants with age
equal or more than 18 years were consecutively enrolled to the
study. ATB was diagnosed by the identification of MTB in
sputum or bronchoalveolar lavage fluid based on mycobacterial
culture or GeneXpert MTB/RIF with symptoms compatible of
ATB including prolonged cough, chest pain, weakness or fatigue,
weight loss, fever, and night sweats. LTBI was defined by positive
T-SPOT result without symptomatic, microbiological, or
radiological evidences of ATB as well as the history of TB
(Supplementary Figure 1). Individuals with negative T-SPOT
results and without any evidence of suspected ATB or other
diseases were categorized as HC. Subjects with HIV infection or
receiving anti-TB treatment for more than 2 weeks were
excluded from the study. Besides, patients with other infectious
diseases, tumors, and autoimmune diseases were excluded from
this study. Lymphocyte-related immune profile including
lymphocyte subsets, lymphocyte phenotype, and lymphocyte
function was analyzed among ATB, LTBI, as well as HC. This
study was approved by the ethics committee of Tongji Hospital,
Tongji Medical College, Huazhong University of Science
and Technology.
June 2021 | Volume 12 | Article 658843
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Lymphocyte Subsets
Heparinized peripheral blood was collected for performing
lymphocyte subset analysis. The percentages and numbers of
CD4+ T cells, CD8+ T cells, NK cells, and B cells were determined
by using TruCOUNT tubes and BD Multitest 6-color TBNK
Reagent Kit (BD Biosciences, San Jose, CA, USA) according to
the manufacturer’s instructions. A volume of 50 µl peripheral
blood was labeled with 6-color TBNK antibody cocktail for
20 min in room temperature. After adding 450 µl of FACS
Lysing Solution, samples were analyzed with FACSCanto flow
cytometer. Cells with positive CD45 expression and with low side
scatter were gated as lymphocytes. TruCOUNT beads were gated
based on side scatter and fluorescence intensity. CD3+ cells in
lymphocyte gate were defined as total T cells. CD3+CD4+CD8-

and CD3+CD4-CD8+ cells were respectively defined as CD4+ T
cells and CD8+ T cells. CD16+CD56+ cells and CD19+ cells in
CD3- cells were respectively defined as NK cells and B cells. The
gating strategies for lymphocyte subsets analysis was shown
in Figure 1A.
Lymphocyte Function
Lymphocyte function assay was performed under PMA/
ionomycin-stimulation as introduced previously (31). The
operation was described as the following: (1) 100 µl of whole
peripheral blood was diluted with 400 µl of IMDM medium
(Gibco, Grand Island, NY, USA, cat 31980-030, plus 25mM
HEPES and 3.024g/L Sodium Bicarbonate); (2) the diluted whole
peripheral blood was incubated in the presence of Leukocyte
Activation Cocktail (Becton Dickinson GolgiPlug™) for 4 h;
(3) the cells were labeled with antibodies including anti-CD45,
anti-CD3, anti-CD4, anti-CD8, and anti-CD56 for 20 minutes
at room temperature; (4) the cell were fixed and permeabilized;
Frontiers in Immunology | www.frontiersin.org 3333334
(5) the cells were stained with intracellular anti-IFN-g antibody;
and (6) the cells were analyzed with FACSCanto flow cytometer.
The percentages of IFN-g+ cells in various cell subsets were
defined as the function of them. Specially, the percentage of
IFN-g+ cells in CD3+CD4+CD8- cells was regarded as CD4+

T cell function; the percentage of IFN-g+ cells in CD3+CD4-

CD8+ cells was regarded as CD8+ T cell function; the percentage
of IFN-g+ cells in CD3-CD56+ cells was regarded as NK cell
function. The gating strategies for lymphocyte function assay was
shown in Figure 1B.

Lymphocyte Phenotype
Heparinized peripheral blood was collected for performing
lymphocyte phenotype analysis. The following monoclonal
antibodies were added to 100 µl of whole blood: anti-CD45,
anti-CD3, anti-CD4, anti-CD8, anti-CD25, anti-CD127, anti-
CD28, anti-HLA-DR, anti-CD45RA, and anti-CD45RO (BD
Biosciences, San Jose, CA, USA). Isotype controls with
irrelevant specificities were included as negative controls. Cell
suspensions were incubated for 20 min at room temperature. The
cells were washed and resuspended in 200 ml of phosphate buffer
saline after lysing red blood cells. Then, the cells were analyzed
with FACSCanto flow cytometer. The gating strategies for
lymphocyte phenotype analysis was shown in Figure 1C.
Statistical Analysis
Continuous variables were presented as mean ± standard
deviation (SD) or median (interquartile range, IQR). The
comparison between continuous variables was performed using
T-test if the continuous value is normal distribution and
homogeneity of variance or Mann-Whitney U test if not.
Categorical variables were presented as numbers (percentages)
A

B

C

FIGURE 1 | The gating strategies for (A) lymphocyte subset analysis, (B) lymphocyte function, and (C) lymphocyte phenotype analysis.
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and compared using Chi-square test or Fisher’s exact test. A two-
tailed p-value less than 0.05 was considered statistically
significant. For the establishment of immunodiagnostic model,
indicators with statistical difference were selected and taken
as candidates in multivariable logistic regression. Then,
the regression equation (diagnostic model) was obtained. The
regression coefficients of the model were regarded as the weights
for the respective variables, and a score for each participant was
calculated. Receiver operating characteristic (ROC) curve was
plotted to evaluate the diagnostic performance of various
indicators. Area under the curve (AUC), sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV),
positive likelihood ratio (PLR), negative likelihood ratio (NLR),
and accuracy as well as the corresponding 95% confidence interval
(CI) were calculated. Z statistic was used for the comparison
between AUCs with the procedure of Delong et al. (35). Data were
analyzed using IBM SPSS 25.0 (SPSS Inc. Chicago, IL, USA),
GraphPad Prism 8.0 (GraphPad Software, Inc. La Jolla, USA),
MedCalc version 11.6 (MedCalc, Mariakerke, Belgium), and
R 4.0.2 program (R Core Team).
RESULTS

Participant Characteristics
A total of 171 subjects including 54 ATB, 57 LTBI, and 60 HC
were consecutively enrolled from January 2019 to January 2021
at Tongji Hospital. The demographic and clinical manifestation
of all participants were summarized in Table 1. There was no
significant difference in scale of age and gender between these
three groups. The median age was around 51 years. Males were
predominant in all groups.
Lymphocyte Subsets in ATB, LTBI, and HC
We performed lymphocyte subset analysis among ATB patients,
LTBI individuals, and HC. It was observed that compared with
LTBI individuals, ATB patients showed significantly lower T cell
number, B cell number, CD4+ T cell number, CD8+ T cell
number, NK cell percentage, NK cell number, total percentage
Frontiers in Immunology | www.frontiersin.org 4334335
of T cells, B cells and NK cells (T+B+NK cell percentage), total
number of T cells, B cells and NK cells (T+B+NK cell number),
and higher T cell percentage, CD8+ T cell percentage (Figure 2).
There was no significant difference in B cell percentage, CD4+ T
cell percentage, and CD4/CD8 ratio between these two groups.

For the comparison between ATB group and HC group. T cell
percentage and CD8+ T cell percentage were significantly higher,
whereas T cell number, B cell number, CD4+ T cell number,
CD8+ T cell number, NK cell percentage, NK cell number,
T+B+NK cell percentage, and T+B+NK cell number were
significantly lower in ATB patients than those in HC. No
significant difference in B cell percentage, CD4+ T cell
percentage, and CD4/CD8 ratio was found between ATB and
HC (Figure 2). No significant differences in all indicators among
lymphocyte subset analysis were observed in between LTBI and
HC (Figure 2).
Lymphocyte Phenotype in ATB, LTBI,
and HC
We characterized lymphocyte phenotype in ATB, LTBI, and HC.
Most of the phenotypes did not significantly differ between ATB
and non-ATB. Statistical differences were only found in HLA-
DR expression on T cells and the proportion of Treg. Specifically,
the proportions of HLA-DR+CD3+ T cells and Treg in ATB
patients were significantly higher than those in LTBI individuals
or HC (Figure 3). The proportions of CD28+CD4+ T cells,
CD28+CD8+ T cells, HLA-DR+CD3+CD4+ T cells, HLA-
DR+CD3+CD8+ T cells, CD45RA+CD4+ T cells, CD45RO+CD4+ T
cells, and CD45RO+ Treg of participants with ATB did not differ
significantly from LTBI or HC (Figure 3). No statistical difference was
observed in all indexes among lymphocyte phenotype analysis between
LTBI and HC (Figure 3).
Lymphocyte Function in ATB, LTBI,
and HC
Lymphocyte function was investigated in ATB, LTBI, and HC. It
was found that the function of CD4+ T cells, CD8+ T cells, and
NK cells was significantly lower in ATB patients than in LTBI
individuals or HC, while no significant difference presented in
TABLE 1 | Demographic and clinical characteristics of included subjects.

Variables ATB (n = 54) LTBI (n = 57) HC (n = 60)

Age, years 51 (33-62) 51 (35-66) 52 (35-68)
Sex, male, % 31 (57.41%) 28 (49.12%) 34 (56.67%)
TB history 12 (22.22%) 0 (0%) 0 (0%)
Underlying condition or illness
Diabetes mellitus 3 (5.56%) 3 (5.26%) 0 (0%)
End-stage renal disease 2 (3.7%) 2 (3.51%) 0 (0%)
Liver cirrhosis 2 (3.7%) 1 (1.75%) 0 (0%)
Positive mycobacterial culture 45 (83.33%) N/A N/A
Positive GeneXpert MTB/RIF 39 (72.22%) N/A N/A
June 2021 | Volume 12 | A
ATB, active tuberculosis; LTBI, latent tuberculosis infection; HC, healthy controls; TB, tuberculosis; N/A, not applicable. Data were presented as medians (25th-75th percentiles) or
numbers (percentages).
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CD4+ T cell function, CD8+ T cell function, and NK cell function
between LTBI and HC group (Figure 4).
Establishing Immunodiagnostic Model for
Stratifying the Status of MTB Infection
In order to investigate the possibility of combining different
immune indicators to distinguish the status of MTB infection, we
performed heatmap analysis and discovered the potential of
combination of these indexes to distinguish ATB from non-
ATB (Supplementary Figure 2). We next analyzed the cross set
of indicators with significant differences in three groups. The
overlap of 9 indicators with significant difference indicated the
possible conjunct use for stratification (Figure 5).

To establish the diagnostic model based on a combination for
differentiating ATB from LTBI, all variables with statistical
significance were used for multivariable logistic regression
Frontiers in Immunology | www.frontiersin.org 5335336
analysis. The diagnostic model was established as the follows:
P = 1/[1 + e-(-0.005*NK cell number + 0.102*HLA-DR+CD3+ T cells +

0.53*Treg - 0.147*CD4+ T cell function - 0.049*NK cell function + 3.95)] P,
predictive value; e, natural logarithm. Venn diagram showed the
overlap of these five parameters in ATB, LTBI, and HC groups
and confirmed the appropriate combination of them (Figure 6).
The AUC presented by the diagnostic model was 0.920 (95% CI,
0.867-0.973) (Table 2 and Figures 7A, B). The cutoff value of
0.676 for diagnostic model showed a sensitivity of 81.48% (95%
CI, 69.16%-89.62%) and specificity of 91.23% (95% CI, 81.06%-
96.20%) in distinguishing between ATB and LTBI (Table 2). We
also applied the model to discriminate ATB from HC. It was
observed that the sensitivity and specificity for the model were
81.48% (95% CI, 69.16%-89.62%) and 90.00% (95% CI, 79.85%-
95.34%) with the threshold as 0.676 (Table 3 and Figures 7C, D).
Meanwhile, the comparison between AUCs showed that the
performance of the diagnostic model was superior to the
individual immune indicator (Tables 2, 3 and Figure 8).
A B

FIGURE 2 | The results of lymphocyte subsets in ATB, LTBI, and HC. (A) Scatter plots showing the results of lymphocyte subsets in ATB (n = 54), LTBI (n = 57),
and HC (n = 60). Horizontal lines indicate the median. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance (Mann-Whitney U test). (B) Heatmap showing the
results of lymphocyte subsets in ATB group, LTBI group, and HC group. Each rectangle indicates the median result of a group. ATB, active tuberculosis; LTBI, latent
tuberculosis infection; HC, healthy controls.
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The Relationship Between Immune
Indicators in ATB Patients
We conducted correlation analysis of different immune
indicators in ATB patients (Figure 9A). It was observed that
the proportion of HLA-DR+CD3+CD4+ T cells was significantly
negative, whereas the proportion of Treg was significantly
positive, with the number of CD4+ T cells. There was a
significantly positive correlation between the function of CD4+

T cells and the expression of HLA-DR on these cells. The same
Frontiers in Immunology | www.frontiersin.org 7337338
phenomenon was also presented in CD8+ T cells. Meanwhile,
statistically positive correlation existed between CD4+ T cell
function and CD8+ T cell function (Figure 9B).
DISCUSSION

Control of the TB pandemic remains hindered (36–38). Major
challenges for TB control include the lack of specific drugs and
A

B C

FIGURE 5 | The cross set between various immune indicators in ATB, LTBI, and HC. (A) Upset plot showing the cross set between various immune indicators in
ATB. (B) Upset plot showing the cross set between various immune indicators in LTBI. (C) Upset plot showing the cross set between various immune indicators in
HC. ATB, active tuberculosis; LTBI, latent tuberculosis infection; HC, healthy controls.
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In conclusion, our findings suggests that the diagnostic model
based on the combination of lymphocyte-related indicators may
be an adjunctive but useful method in the diagnosis of TB.
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Supplementary Figure 1 | Representative pictures showing the negative and
positive results of T-SPOT assay. The number in the upper left corner of each graph
indicates the number of spot-forming cells in each well. ESAT-6, early secreted
antigenic target 6; CFP-10, culture filtrate protein 10; PHA, phytohemagglutinin.

Supplementary Figure 2 | The cluster analysis of immune indicators in ATB,
LTBI, and HC. (A) Heatmap showing the cluster analysis of lymphocyte subsets,
phenotype, and function in ATB patients (n = 54) and LTBI individuals (n = 57). Each
rectangle indicates a result of a subject. (B) Heatmap showing the cluster analysis
of lymphocyte subsets, phenotype, and function in ATB patients (n = 54) and HC
(n = 60). Each rectangle indicates a result of a subject. ATB, active tuberculosis;
LTBI, latent tuberculosis infection; HC, healthy controls.
A B

FIGURE 9 | The relationship between different immune indicators in ATB patients. (A) Heatmap showing the relationship different immune indicators in ATB patients.
(B) Scatter plots showing the correlation between the number, phenotype, and function of lymphocytes in ATB patients. Each symbol represents an individual donor.
ATB, active tuberculosis.
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Background: Neutrophils have been associated with lung tissue damage in many
diseases, including tuberculosis (TB). Whether neutrophil count can serve as a
predictor of adverse treatment outcomes is unknown.

Methods: We prospectively assessed 936 patients (172 HIV-seropositive) with culture-
confirmed pulmonary TB, enrolled in a multicenter prospective cohort study from different
regions in Brazil, from June 2015 to June 2019, and were followed up to two years. TB
patients had a baseline visit before treatment (month 0) and visits at month 2 and 6 (or at
the end of TB treatment). Smear microscopy, and culture for Mycobacterium tuberculosis
(MTB) were performed at TB diagnosis and during follow-up. Complete blood counts were
measured at baseline. Treatment outcome was defined as either unfavorable (death,
treatment failure or TB recurrence) or favorable (cure or treatment completion). We
performed multivariable logistic regression, with propensity score regression adjustment,
to estimate the association between neutrophil count with MTB culture result at month 2
and unfavorable treatment outcome. We used a propensity score adjustment instead of a
fully adjusted regression model due to the relatively low number of outcomes.
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Results: Among 682 patients who had MTB culture results at month 2, 40 (5.9%) had a
positive result. After regression with propensity score adjustment, no significant
association between baseline neutrophil count (103/mm3) and positive MTB culture at
month 2 was found among either HIV-seronegative (OR = 1.06, 95% CI = [0.95;1.19] or
HIV-seropositive patients (OR = 0.77, 95% CI = [0.51; 1.20]). Of 691 TB patients followed
up for at least 18 months and up to 24 months, 635 (91.9%) were either cured or
completed treatment, and 56 (8.1%) had an unfavorable treatment outcome. A
multivariable regression with propensity score adjustment found an association
between higher neutrophil count (103/mm3) at baseline and unfavorable outcome
among HIV-seronegative patients [OR= 1.17 (95% CI= [1.06;1.30]). In addition,
adjusted Cox regression found that higher baseline neutrophil count (103/mm3) was
associated with unfavorable treatment outcomes overall and among HIV-seronegative
patients (HR= 1.16 (95% CI = [1.05;1.27]).

Conclusion: Increased neutrophil count prior to anti-TB treatment initiation was
associated with unfavorable treatment outcomes, particularly among HIV-seronegative
patients. Further prospective studies evaluating neutrophil count in response to drug
treatment and association with TB treatment outcomes are warranted.
Keywords: tuberculosis, neutrophils, treatment outcome, biomarker, neutrophil count
INTRODUCTION

Neutrophils have been implicated in TB pathogenesis (1, 2). Several
studies in animal models as well as in humans have revealed a
prominent role of neutrophils in tissue damage during active TB,
leading to more severe clinical presentations (3). There are increasing
evidence that the neutrophil number and degree of neutrophil
activation directly correlate with the degree of lung destruction seen
in pulmonary TB (4). More recently, Ndlovo et al. described that high
peripheral neutrophil count and low CD15 expression directly
correlated with more severe lung damage on chest x-ray (5).

Neutrophils are also relevant for TB diagnosis, as several
transcriptomic signatures indicate enriched pathways involving this cell
type that can be used to distinguish active from latent TB infection (6).

Although several studies have evaluated the association between
blood neutrophils and unfavorable TB treatment outcome (4, 7–14),
there are limited data from well-powered prospective studies. A key
advantage of neutrophils as a biomarker is that they can be
measured in clinical laboratories in resource-limited settings.

To evaluate the relationship between blood neutrophil count
and poor TB treatment outcome (i.e., treatment failure, mortality
or relapse), we analyzed patients with positive Mycobacterium
tuberculosis (MTB) culture of respiratory samples enrolled in the
Regional Prospective Observational Research on Tuberculosis
(RePORT) - Brazil cohort (15).
METHODS

Study Design
We performed a multicenter prospective observational cohort
study of individuals with culture-confirmed pulmonary TB. All
org 2346347
study participants were enrolled in Regional Prospective
Observational Research on Tuberculosis (RePORT)-Brazil (15),
between June 2015 and June 2019, and were followed for up to
two years. RePORT-Brazil includes two prospective cohorts:
patients with pulmonary TB, and their close contacts.
Objectives include the identification of clinical, radiological
and laboratory variables associated with TB treatment
outcome, and predictive of TB disease among contacts. Study
sites were located in Rio de Janeiro State, Southeastern region
(Centro Municipal de Saúde de Duque de Caxias - site A;
Instituto Nacional de Infectologia Evandro Chagas - site D;
Clıńica da Familia Rinaldo Delamare-site E); in the cities of
Manaus, Northern region (site B), and Salvador, Northeastern
region (site C).

These sites represent Brazilian cities with the highest TB
burden (16). Site B and site D are HIV reference centers. In this
study, we enrolled participants who had microbiologically
confirmed TB, were over 18 years of age and provided written
informed consent. Those who received anti-TB drugs (including
fluoroquinolones) for more than 7 days in the 30 days prior to
TB diagnosis were excluded. A trained nursing team conducted
patient interviews and collected sociodemographic and clinical
data. Participants underwent the following tests: chest
radiograph, HIV testing, CD4 and viral load (if HIV-
seropositive), complete blood count, glycated hemoglobin
(HbA1c), sputum smear microscopy, Xpert-MTB-RIF (if
available), mycobacterial culture (Lowenstein-Jensen medium
or BD BACTEC MGIT) and drug susceptibility testing
(proportion method or BD BACTEC GIT). The study
participants had a baseline visit (M0) and follow-up visits at
month 2 (M2) and month 6 (M6 or at the end of TB treatment),
when clinical status was reassessed, and new smear/culture tests
July 2021 | Volume 12 | Article 661934
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were performed. Only drug susceptible TB patients followed up
at least 2 months were included in the microbiological analysis;
participants received standard 6-month treatment for TB,
consisting of isoniazid, rifampicin, pyrazinamide, and
ethambutol for 2 months followed by isoniazid and rifampicin
for at least 4 months, following Brazilian National guidelines for
TB control (16).

Study Definitions and Procedures
Complete blood counts were performed only at baseline. Anemia
was defined as hemoglobin levels <12 g/dL for females and <13.5
g/dL for males. Diabetes mellitus (DM) was diagnosed according
to the baseline HbA1c, following the American Diabetes
Association (ADA) guidelines (17). Patients with HbA1c ≥
5.7% were classified as having dysglycemia and, among those,
they were classified as having DM if HbA1c ≥ 6.5%, prediabetes
(pre-DM) if HbA1c was between 5.7% and 6.4%. Patients with
HbA1c lower than 5.7% were considered normoglycemic. Data
on other variables such as age, sex, HIV serology, race/skin color
(self-reported), body mass index (BMI), BCG scar, education
level, income status, tobacco smoking status, alcohol
consumption (according to CAGE questionnaire), illicit drug
use, cavitation on chest radiograph and study site were obtained
from all participants. Information about the symptoms of TB was
also obtained at the baseline and at M2 and M6 visits. Neutrophil
count at baseline as well as sputum smear and MTB culture
results at month 2 were recorded. Treatment outcome was
defined as either unfavorable (death from any cause, treatment
failure or TB recurrence) or favorable (cure or treatment
completion) following the World Health Organization (WHO)
guidelines (18). Patients lost to follow-up were not included in
the analysis of neutrophil count and TB treatment outcome.

Data Analysis
Quantitative variables were presented as medians and
interquartile ranges (IQR) and qualitative variables as
percentages. The effect of baseline characteristics on the
outcome of interest were computed via univariable logistic
regression. P-values were computed via Wald tests.

Logistic regression analysis was also used to estimate
associations between neutrophil count at baseline with smear
microscopy, culture conversion at month 2 and TB treatment
outcome, adjusting for HIV serology (and an interaction term).
This was denoted as unadjusted logistic regression, since it did not
take into account potential confounders. Data on the following
clinical factors were collected: COPD; renal disease; hypertension;
chemotherapy or radiotherapy; immunosuppressor drug
(corticosteroid) and were included in the propensity score model.

Because the number of outcomes was relatively low, we were
unable to fit a fully adjusted regression model including all
covariates of interest. Instead, we fit a logistic regression model
using propensity score adjustment (19). Propensity score
adjustment, which may be seen as a variable reduction
technique, is a two-step procedure: 1) in the first step, the
propensity score is estimated by regressing the exposure
variable on a set of covariates and 2) in the second step, the
outcome of interest is regressed on the exposure while
Frontiers in Immunology | www.frontiersin.org 3347348
controlling for the estimated propensity score, obtained in step
1. By this way any extra confounder is included in the outcome
model via the estimated propensity score.

For our setting, the propensity score was fit via an ordinal
regression, by regressing the exposure variable on a set of pre-
specified covariates. We followed simulation results from (20),
which showed better performance (i.e., smaller errors) when a
fine stratification (20 strata) of the exposure was used and
modelled via robust approaches, such as ordinal regression,
that required no assumptions about underlying distributions.
This propensity score model is constructed in the step 1 outlined
above. It used the following covariates for adjustment: sex, age,
race, smoking status, alcohol consumption, education level,
income status, HIV serology status, cavitation on chest
radiograph, DOT use (for TB treatment outcome only), study
site, and (log-transformed) platelets, lymphocytes, glycated
hemoglobin and hemoglobin values. All variables were selected
a priori, based on data from the literature and clinical
plausibility. Restricted cubic splines with 3 knots equally
spaced were used to relax the linearity assumption, and an
interaction between age and sex was also added to the
propensity score model.

This two-step procedure allowed us to fit a larger set of
covariates in the first step (to estimate the propensity score) and
a smaller model in step 2 (21). Our main model regressed the
outcome of interest on neutrophil count at baseline, HIV status,
and on the estimated propensity score. We also added an
interaction term of neutrophil count and HIV status. This was
denoted as an adjusted model, since it took into account several
potential confounders in the estimated propensity score. We did
not stratify the exposure in this second and final step; neutrophil
count was in its natural, continuous scale. To allow for non-
linearity, the estimated propensity score was in the logit scale.

Finally, results were expressed in terms of point estimates and
95% confidence intervals; odds ratios were calculated, for
interpretation purposes, for every 1,000 change of neutrophil
count. Missing values were imputed 20 times via Markov Carlo
Chained Equations (22) and final estimates were obtained via
Rubin’s rule (23). All analyses were performed using the
statistical software R (24).

Ethical Approval
The protocol, consent form, and study documents were
approved by the institutional review boards at the study sites.
Participation was voluntary, and written informed consent was
obtained from all participants.
RESULTS

Study Population
Sample size for all analysis are displayed in Figure S1.
Population demographics and laboratory values are depicted in
Table 1. A total of 936 patients were included in the analysis, of
whom 172 (18.4%) were HIV-seropositive. The overall median
age at enrollment was of 35 years (IQR = 25.0; 49.0) and most
July 2021 | Volume 12 | Article 661934
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were non-black (74.0%), male (66.1%), had anemia (57.5%), and
a BCG scar (86.5%); 45.3% were alcohol users, and 23.1% had
DM. Compared to HIV-seronegative patients, as depicted in
Tables S1 and S2, HIV-seropositive participants were more
likely to be non-black (OR = 2.22; 95% CI = 1.44; 3.54), male
(OR = 1.94; 95% CI = 1.33;2.89), more likely to be treated in HIV
reference centers, sites (B and D) (OR= 22.7; 95% CI = 11.0;55.4
and OR= 7.33; 95% CI = 3.25;19.0, respectively) and to have
anemia (OR = 2.57; 95% CI= 1.78;3.78). On the other hand, HIV-
seropositive individuals with TB were less likely to be tobacco
smokers (OR= 0.61; 95% CI = 0.39;0.93); alcohol users (OR=
0.52; 95% CI = 0.36;0.74); BCG vaccinated (OR = 0.48; 95% CI =
0.32;0.74); have lung cavitary lesions on chest X-ray (OR = 0.20;
95% CI = 0.13;0.29), have high lymphocytes count (OR = 0.91;
95% CI= 0.88;0.94) and high glycosylated hemoglobin (OR=
0.79; 95% CI= 0.70;0.89).
Frontiers in Immunology | www.frontiersin.org 4348349
The median neutrophil count at baseline was 6,050 cells/µL
(IQR = 4,390;7,970). HIV-seropositive patients had lower
neutrophil count, 5,050 cells/µL (IQR = 3,590;7,250) compared
to HIV-seronegative, 6,120 cells/µL (IQR = 4,630;8,090). This
difference was statistically significant at the 5% level (OR=0.92;
95% CI = 0.86;0.97).

Association Between Neutrophils and
TB Bacillary Load in Sputum at Baseline
Tables S3 and S4 show univariable comparisons for association
between sociodemographic and laboratory values with smear
positivity at study baseline, respectively. Current tobacco
smokers, alcohol users, and those with lung cavitation had
higher odds of being smear positive at M0 (OR= 1.62; 95%
CI= 1.07, 2.52; OR=1.52; 95% CI=1.09-2.13; and OR = 3.10; 95%
CI = 2.18, 4.45, respectively). Leukocytes (OR = 1.11 [1.05;1.17]),
neutrophil (OR=1.11 [1.04;1.18]), and platelet (OR=1.02
[1.01;1.03]) counts were also associated with positive smear
results. HIV-seropositive patients were less likely to be smear
positive at baseline (OR = 0.34, 95% CI = 0.23;0.49).

Unadjusted and adjusted logistic regression models were used
to estimate the association between neutrophil count at baseline
with the odds of being smear positive at baseline. Results
suggested highly different neutrophil counts between
seropositive and seronegative patients (p-value < 0.001). The
adjusted regression showed a strong association between
neutrophil count and smear result at baseline among HIV-
seronegative patients: OR = 1.16, 95% CI = 1.07, 1.26. This
association was not seen among HIV-seropositive patients: OR =
0.99, 95% CI = 0.82, 1.20, as depicted in Table 2 and Figure S2.

Factors Associated With No Sputum
Smear Conversion During TB Treatment
A total of 713 patients had sputum smear result at M2, from
which 126 (17.7%) were still smear positive. Univariable logistic
regressions are presented in Tables S5 and S6 , for
sociodemographic and laboratory values, respectively.
Increased age (OR = 1.03, 95% CI = 1.01;1.04), years of
smoking (OR=1.04 95% CI= 1.01;1.07); alcohol use (OR= 1.03,
95% CI= 1.01;1.05); anemia (OR=1.67, 95% CI =1.11;2.53), and
DM (OR=1.81, 95% CI =1.10;2.96) had higher chance of having
smear positive sputum at M2. HIV-seropositive patients were
also on average more likely to be smear positive at M2 (OR =
1.74, 95% CI = 1.11;2.68). Univariable analysis showed that
neutrophil count was not statistically associated with higher
odds of being sputum smear positive at month 2, as suggested
by the boxplots in Figure S3 (OR = 1.00, 95% CI = 0.94; 1.07)
and depicted in Table S6.

Neutrophil count, however, differed significantly by HIV
status (p-value < 0.01). Smear positive sputum at M2 was
associated with higher neutrophil count among HIV-
seronegative patients in both unadjusted and adjusted (by the
propensity score) analysis (OR = 1.08, 95% CI = 1.01;1.16 and
OR = 1.08, 95% CI = 1.00;1.17, respectively). Interestingly,
among HIV-seropositive patients, the unadjusted analysis
suggested an association between higher neutrophil count and
lower odds of a smear positive sputum at M2 (OR = 0.78, 95%
TABLE 1 | Sociodemographic characteristics and laboratory values for the study
population.

[ALL]
N=936

Sociodemographic characteristics
Age at enrollment: 35.0 [25.0;49.0]
Race/skin color: Non-black 692 (74.0%)
Sex: Male 619 (66.1%)
Smoking: Yes 213 (22.8%)
Smoking (years) 15.0 [5.0;25.0]
Alcohol: Yes 424 (45.3%)
HIV: Positive 172 (18.4%)
BCG scar: Yes 809 (86.5%)
Alcohol (years) 13.0 [6.00;27.0]
X-ray cavitation: Yes 465 (50.0%)
Literate: Yes 889 (95.1%)
Education (years): 9.00 [6.00;12.0]
Income: more than minimum wage 299 (32.6%)
HIV treatmenta: Yes 127 (73.8%)
CD4 (cells/mm3) 135 [63.5;298]
Study site:
A 179 (19.1%)
B 267 (28.5%)
C 240 (25.6%)
D 124 (13.2%)
E 126 (13.5%)
Laboratory values
Leukocytes (103/mm3) 8.49 [6.53;10.7]
Neutrophils (103/mm3) 6.05 [4.39;7.97]
Lymphocytes (102/mm3) 15.5 [11.8;19.5]
Hemoglobin (g/dL) 12.1 [10.7;13.4]
Anemia: Yes 534 (57.5%)
Platelet (104/mm3) 38.5 [30.9;47.9]
Glycosylated Hemoglobin (%) (n= 927) 5.80 [5.40;6.40]
Glycosylated Hemoglobin (%):
<5.7 416 (44.9%)
5.7-6.5 297 (32.0%)
≥6.5 214 (23.1%)
Values are represented as frequency (%) or median with interquartile range (IQR).
Smoking: current smoker (Yes/No); Alcohol: current (Yes/No); HIV (Positive/Negative);
Literate: literacy (Yes/No); Income: monthly salary; CD4: CD4 count at baseline; Study site:
sites covered by RePORT. Anemia: hemoglobin levels <12 g/dL for female and <13.5 g/dL
for male; aART frequency was calculated among the persons living with HIV; Study sites:
A – Caxias Health Center/Rio de Janeiro, B- Tropical Medicine Foundation/Manaus; C:
Jose Silveira Foundation/Salvador; D: Evandro Chagas Institute-Rio de Janeiro; E:
Rocinha – Municipality of Rio de Janeiro.
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CI = 0.65; 0.94). The adjusted analysis showed that for every
increase in the neutrophil count by 1,000 units, the odds of being
sputum smear positive at month 2 decreased on average by ~22%
(OR = 0.78, 95% CI = 0.62;0.99). Results for both unadjusted and
adjusted regression with propensity score adjustment are
displayed in Table 2.

It is important to note that the relationship between
neutrophil and smear positive at month 2 may not be linear, in
the sense that high and low neutrophil counts would lead to poor
prognosis (especially among HIV-seronegative patients). To
explore this further, we re-fitted the model, using restricted
cubic splines, with 3 knots equally spaced, to relax the linearity
assumption. Figure S4 provides two plots of the log odds of
having a positive smear result at month 2 by neutrophil count,
for both HIV-seropositive and HIV-seronegative patients. The
figure shows that, for HIV-seropositive patients, higher
neutrophil count is associated with better prognosis (smaller
odds of being smear positive at month 2). This increment,
however, may not be linear; there is large uncertainty when
neutrophil count increase (wider 95% confidence interval - grey
area). Among HIV-seronegative patients, we see the opposite
trend: higher neutrophil count lead to worse prognosis. The
trend, again, may not be linear, as data become less frequent for
higher values, increasing uncertainty (again, wider 95%
confidence intervals as neutrophil count increases).

In summary, both plots support our results: HIV-seropositive
patients with higher neutrophil count seem less likely to be smear
positive at month 2, while HIV-seronegative patients with higher
neutrophil count seem more likely to be smear positive at month 2.
Although the relationship may not be linear (more data are needed
to address this issue), it seems unlikely that low neutrophil count
lead to poor prognosis among HIV-seronegative patients.

Characteristics Associated With No
Sputum Culture Conversion During
TB Treatment
A total of 886 patients had a visit reported at M2. Of these, 176
did not provide a respiratory sample, 631 had negative culture
results for MTB, 28 patients had contaminated culture and 51
had positive results, from which 40 were found to be positive for
MTB and 11 for nontuberculous mycobacterial (NTM). A total
of 682 TB patients with reported positive or negative culture
Frontiers in Immunology | www.frontiersin.org 5349350
results were included in the analysis, of which 40 (7 HIV-
seropositive) were positive for MTB at M2. The 11 NTM
cultures were not included as positive.

Univariable logistic regressions are presented in Tables S7
and S8, for demographic and laboratory values, respectively,
stratified by MTB status. The following variables were associated
with positive MTB culture at M2: older age (OR= 1.05; 95% CI=
1.05; 1.07) and years of smoking (OR=1.04; 95% CI= 1.01; 1.07).
HIV serology status was not associated with culture result at M2
(OR = 0.83, 95% CI = 0.33;1.83, for HIV-seropositive as
reference level).

Unadjusted and propensity score adjusted logistic regressions
did not show evidence of association between neutrophil count
and culture conversion at M2, as indicated by the boxplots in
Figure S5 (e.g., OR=1.06, 95% CI= 0.95;1.19 and OR=0.77, 95%
CI= 0.51;1.20, for seronegative and seropositive patients,
respectively, in the adjusted analysis). Results for both
unadjusted and adjusted regressions are displayed in Table 2.

Blood Neutrophil Count as a Predictor of
Unfavorable Anti-TB Treatment Outcomes
A total of 691 TB patients, followed-up for at least 18 months and
maximum of 24 months, were used for analysis. Among them,
635 (91.9%) were either cured or completed treatment without
bacteriologic confirmation of cure, while 56 (8.1%) developed an
unfavorable treatment outcome: 22 died (4 related to TB, 13 not
caused by TB and 5 with reasons that are not clearly related to
TB), 25 had treatment failure and 9 TB recurrence.

Their baseline sociodemographic and laboratory values are
displayed in Tables 3 and 4, stratified by TB treatment outcome.
The following variables were associated with an unfavorable TB
outcome: HIV infection (OR= 3.82, 95% CI= 2.11;6.80), treated
at a HIV reference center (site B) (OR= 3.82, 95% CI= 1.64;10.6),
anemia (OR= 1.78, 95% CI= 1.00;3.30), DM (OR= 3.30, 95% CI=
1.65;6.83), pre-DM (OR=2.11, 95% CI=1.04;4.39). Patients with
higher neutrophil count were also more likely to have
unsuccessful treatment in a univariable analysis (OR= 1.10,
95% CI= 1.02; 1.19); i.e., increasing neutrophil count by 1,000
units, the odds of developing an unfavorable TB treatment
increased, on average, by 10%, as suggested by Figure 1.

Neutrophil count was again statistically different between
patients in opposite HIV serology groups (p-value < 0.01).
TABLE 2 | Association between neutrophil count at baseline and the outcome of interest.

Outcome variable Strata (size) Unadjusted analysis Adjusted analysis†

Positive Smear result
at baseline

HIV-seronegative (756) 1.16 [1.07;1.25] 1.16 [1.07; 1.26]
HIV-seropositive (171) 0.99 [0.91;1.08] 0.99 [0.82; 1.20]

Positive Smear result
at month 2

HIV-seronegative (564) 1.08 [1.01; 1.16] 1.08 [1.00; 1.17]
HIV-seropositive (145) 0.78 [0.65; 0.94] 0.78 [0.62; 0.99]

Positive MTB culture
at month 2

HIV-seronegative (540) 1.08 [0.98; 1.20] 1.06 [0.95; 1.19]
HIV-seropositive (131) 0.78 [0.53; 1.15] 0.77 [0.51; 1.20]

Unfavorable TB treatment outcome HIV-seronegative (577) 1.19 [1.08; 1.32] 1.17 [1.06; 1.30]
HIV-seropositive (144) 0.99 [0.87; 1.13] 0.98 [0.77; 1.24]
July 2021 | Volume
Both analysis control for HIV serology and its interaction with baseline neutrophil. † Model adjusting for the propensity score, which was regressed on the following covariates: sex, age,
race, smoking status, alcohol consumption, education level, income status, cavitation on chest radiograph, study site, HIV status, DOT (for unfavorable TB treatment outcome) and (log-
transformed) platelets, lymphocytes, glycated hemoglobin and hemoglobin values; results expressed in odds ratios (OR) with 95% confidence intervals.
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Unadjusted regression analysis demonstrated a strong
association between higher neutrophil count and unfavorable
treatment outcomes (OR= 1.19, 95% CI= 1.08; 1.32), which was
again detected in the logistic regression with propensity score
adjustment (OR= 1.17, 95% CI= 1.06; 1.30). Among HIV-
seropositive patients, however, which accounted for 61 subjects
(22 with unfavorable outcome), no association between
neutrophil count at M0 and unfavorable treatment outcome
was observed in the unadjusted nor in the adjusted analysis (OR =
0.99, 95% CI = 0.87; 1.13 and OR = 0.98, 95% CI = 0.77; 1.24,
respectively). Results for both unadjusted and adjusted regressions
are displayed in Table 2.
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As the unfavorable outcome group contained a very
heterogenous group, we re-ran the analysis above for 4
additional settings: 1) discarding deaths that were not related
to TB; 2) restricting the follow-up time to 9 months (so all 9
patients with TB recurrence were not included as an unfavorable
TB treatment outcome); 3) re-analyzing unfavorable TB
treatment outcome, under a mixed-effect perspective, with
study site as a random effect in the main outcome regression
model; and 4) re-analyzing unfavorable TB treatment outcome,
adjusting for leukocytes. In this last analysis, (log-transformed)
leukocytes were included in the propensity score model. Results
for all of these analyses were similar to those provided above,
TABLE 3 | Sociodemographic characteristics, stratified by TB treatment outcome.

Favorable treatment outcome Unfavorable treatment outcome P-value
N=635 N=56

Age at enrollment: 37.0 [26.0;49.0] 36.5 [25.0;49.5] 0.964
Race:/skin color: Non-black 471 (74.3%) 42 (75.0%) 0.925
Sex: Male 404 (63.6%) 37 (66.1%) 0.725
HIV: Yes 92 (14.5%) 22 (39.3%) <0.001
HIV treatment: Yes 72 (88.9%) 15 (93.8%) 0.631
CD4 (cells/mm3) 150 [63.5;358] 112 [62.8;161] 0.059
Smoking: Yes 131 (20.6%) 11 (19.6%) 0.884
Smoking (years) 16.0 [6.00;26.0] 11.0 [5.25;20.0] 0.173
Alcohol: Yes 281 (44.3%) 21 (37.5%) 0.334
BCG scar: Yes 549 (86.6%) 48 (85.7%) 0.827
Alcohol (years) 14.0 [7.00;28.0] 13.0 [5.50;23.0] 0.681
X-ray cavitation: Yes 328 (54.5%) 25 (48.1%) 0.378
Literate: Yes 32 (5.04%) 2 (3.57%) 0.687
Education (years): 10.0 [6.00;12.0] 9.00 [5.00;12.0] 0.265
Income: more than minimum wage 223 (35.9%) 18 (32.1%) 0.583
DOT: Yes 408 (64.7%) 34 (60.7%) 0.554
Study site:
A 125 (19.7%) 6 (10.7%) Ref.
B 154 (24.3%) 29 (51.8%) 0.001
C 163 (25.7%) 13 (23.2%) 0.327
D 85 (13.4%) 6 (10.7%) 0.528
E 108 (17.0%) 2 (3.57%) 0.261
July 2021 | Volume 12 | Article
Values are represented as frequency (%) or median with interquartile range (IQR). 95% confidence intervals are displayed. P-values computed via Wald tests. Smoking: current smoker
(Yes/No); Alcohol: current (Yes/No) Literate: literacy (Yes/No); Income: monthly salary. CD4: CD4 count at baseline. Study site: sites covered by RePORT. Favorable outcome: cured or
treatment completion; Unfavorable outcome: death, treatment failure, recurrence. OR, odds ratio; DOT, direct observed treatment. Study sites: A – Caxias Health Center/Rio de Janeiro,
B- Tropical Medicine Foundation/Manaus; C: Jose Silveira Foundation/Salvador; D: Evandro Chagas Institute-Rio de Janeiro; E: Rocinha – Municipality of Rio de Janeiro.
TABLE 4 | Laboratory values, stratified by TB treatment outcome.

Favorable treatment outcome Unfavorable treatment outcome P-value
N=635 N=56

Neutrophils (103/mm3) 5.98 [4.36;7.64] 7.24 [4.41;9.89] 0.014
Glycosylated Hemoglobin (%) 5.80 [5.40;6.30] 6.15 [5.75;6.73] 0.448
Platelet (104/mm3) 38.7 [31.1;47.2] 39.6 [32.0;50.6] 0.176
Lymphocytes (102/mm3) 15.7 [12.1;19.5] 14.4 [9.77;21.1] 0.870
Leukocytes (103/mm3) 8.48 [6.49;10.4] 10.1 [6.45;13.2] 0.051
Hemoglobin (g/dL) 12.2 [11.1;13.4] 10.7 [9.50;12.6] <0.001
Anemia: Yes 355 (56.2%) 39 (69.6%) 0.050
Glycosylated Hemoglobin (%):
<5.7 294 (46.6%) 14 (25.0%) Ref.
5.7-6.5 198 (31.4%) 20 (35.7%) 0.038
≥6.5 139 (22.0%) 22 (39.3%) 0.001
Values are represented as frequency (%) or median with interquartile range (IQR). 95% confidence intervals are displayed. P-values computed via Wald tests. Favorable outcome: cured or
treatment completion; Unfavorable outcome: death, treatment failure, recurrence. Anemia: hemoglobin levels <12 g/dL for female and <13.5 g/dL for male. OR, odds ratio.
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with a statistically significant association between baseline
neutrophil count with unfavorable treatment outcome among
HIV-seronegative patients. These additional results are
presented in Table S9.

Figure 2 shows the Kaplan-Meier survival curve for time to
unfavorable treatment outcome, by neutrophil count at baseline.
The results indicated that higher neutrophil count at baseline was
associated with higher chances of unfavorable treatment
outcome. A Cox regression model with propensity score
adjustment showed that neutrophil count differs substantially
across HIV serology groups (p-value < 0.01). While the hazard of
further developing an unfavorable treatment outcome was not
significatively associated with neutrophil among HIV-
seropositive patients, it was strongly associated with higher
neutrophil count among HIV-seronegative patients. For every
1,000 units increase in neutrophil count at baseline, the hazard of
further developing an unfavorable treatment outcome increased,
on average, by 16% (HR= 1.16, 95% CI= 1.05; 1.27).
DISCUSSION

Neutrophils have received prominence in the pathogenicity of
TB, although few prospective well-powered studies have
analyzed the role of blood neutrophil count in predicting
treatment outcome of pulmonary TB patients.

The present study, performed in a well-characterized cohort
of culture-confirmed pulmonary TB patients, found that pre-
Frontiers in Immunology | www.frontiersin.org 7351352
treatment neutrophil count may serve as a reliable predictor of
unfavorable TB treatment outcomes.

The association of neutrophil count with positive smear and
cavity on chest radiograph was similar to those described by
other groups (2, 5, 6). The association between higher neutrophil
count and parenchymal findings in the chest radiogram was
described by Kerkoff et al. (7) in HIV-seropositive and by de
Mello et al. (2) in HIV-seronegative patients. Only in the study of
Nodvlu et al. (5), who used radiological scores to analyze the
extent of lung injury, the association between neutrophil count
and chest radiographic findings was observed in both HIV-
seropositive and negative patients.

In 2003, in addition to the presence of cavitation on chest
radiograph, WHO guidelines recommended the sputum-smear
examination at the end of the second month of treatment in
patients with recently diagnosed pulmonary TB, and, if positive,
the intensive phase of TB treatment should be extended (25). In
recent years, it has been emphasized that culture conversion
during treatment for TB has only a limited role in decision-
making for advancing regimens into phase III trials or in
predicting the outcome of treatment for individual patients
(26, 27).

In our study, in univariable analysis, positive smear in month
2 was more frequent among older people, in patients infected
with HIV, with anemia and DM. Neutrophil count was a
statistically significant predictor at 5% level of positive smear
in M2 only in TB/HIV-seronegative patients. Those results were
also described by other authors (28–31).
A B

FIGURE 1 | Neutrophil count at baseline by treatment outcome. (A) Comparison of neutrophil count at baseline by treatment outcome (favorable/unfavorable,
among N=691 patients); (B) comparisons of neutrophil count by treatment outcome, stratified by HIV status (577 seronegative patients, with 34 unfavorable
outcome, and 114 seropositive patients, with 22 unfavorable outcome). Favorable treatment: cure or treatment completion. Unfavorable treatment: death, failure,
recurrence. P-value computed via Wald test.
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In addition, in the univariable analysis we identified the
following variables associated with positive smear or culture
results at M2: older age, smoking and alcohol use. Those
results were also described in other series (28, 32, 33). Caetano
Mota et al. (28), in a retrospective cohort of 136 adult patients
with pulmonary TB confirmed by positive culture for MTB on
sputum, found that older age was independently associated with
delayed smear conversion. Nijenbandring de Boer et al. (32)
evaluated 89 active pulmonary TB patients with positive sputum
culture. After adjustment for cavities on the chest radiograph and
alcohol use, they found that current tobacco smoking compared
to current non-smoking remained significantly associated with
culture non-conversion at 60 days of treatment anti-TB.
Volkmann T et al. (33), using data reported to the National
Tuberculosis Surveillance System in USA on 207,307 adult TB
cases, confirmed that excess alcohol use was associated with
lower rates of sputum culture conversion.

In our study, there was no significant association between
neutrophil count at the beginning of TB treatment and positive
culture at month 2, irrespective of HIV status. De Melo et al. (2)
and Brambhat et al. (12) described similar results in TB/HIV-
seronegative patients. Nodvlu et al. (5) reported an association
between positive culture in month 2 and the level of CD15
expression, but not with neutrophil count at the time of TB
Frontiers in Immunology | www.frontiersin.org 8352353
diagnosis, in both TB/HIV-seropositive and TB/HIV-
seronegative patients.

In our large cohort of patients with pulmonary TB from high-
burden cities in Brazil, the association of neutrophilia with
unfavorable TB treatment outcome was confirmed in TB/HIV-
seronegative patients, but not in TB/HIV-seropositive ones.
Similar findings were described by other authors (5, 8, 13, 14).
Barnes et al. (13), in USA, evaluating 191 consecutive HIV-
seronegative adults with pulmonary TB found an association
between neutrophil count and death. In the study of Lowe et al.
(8), analyzing 855 TB patients with neutrophil count at baseline,
neutrophilia was an independent risk for case fatality. Han et al.
(14) carried out a retrospective study with 96 TB patients in
South Korea. They found that high neutrophil/lymphocyte rate
was also an independent predictor of in-hospital mortality.

On the other hand, HIV infection frequently reduces the
neutrophil count (34). In addition, there is an impaired ability to
phagocytize TB bacilli observed in TB/HIV-seropositive patients,
but the phagocytosis capacity is restored after the use of
antiretroviral therapy (35). In our cohort, median neutrophil
count was lower in TB-HIV co-infected patients than in HIV-
seronegative ones. Interestingly, we observed an inverse association
between neutrophil count and smear-positivity in the sputum atM2
among HIV-seropositive patients, i.e., increasing neutrophil count
A B

FIGURE 2 | Association between neutrophil count at baseline with time until unfavorable treatment outcome. Kaplan-Meier curves comparing the impact of higher
(>7500/mm3) and lower (<7500/mm3) neutrophil count at baseline on the probability of facing a favorable outcome, considering (A) the total population (919
patients), (B) stratified by HIV status (749 seronegative and 170 seropositive patients). The red line corresponds to low neutrophil count and the blue line
corresponds to high neutrophil count, with their respective 95% confidence intervals. Favorable treatment: cure or treatment completion. Unfavorable treatment:
death, failure, recurrence. Log rank p-values: 0.002 (A), <0.001 (B, left), 0.1 (B, right).
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was associated with a lower chance of smear-positivity. This finding
may indicate the importance of neutrophilic activity in the response
to MTB infection. However, above a certain threshold, not yet
determined, this exacerbated neutrophilic response cause tissue
damage and may compromise TB outcome.

In the analysis of the association between neutrophilia and
unfavorable TB treatment outcomes, abandonment and/or loss
of follow-up were not included, as they could be confounding
variables (35). As described in systematic meta-analysis/reviews
(36–38) and more recently by Demitto et al. (30), we observed an
association between unfavorable outcome and HIV infection,
diabetes mellitus and anemia. The association between high
neutrophil count, anemia and diabetes mellitus with
unfavorable treatment outcome may result from a decrease in
the ability of neutrophils to kill mycobacteria followed by a
nonspecific inflammatory cascade, characterized by the
production of cytokines and/or exacerbated necrotic cell death
(2, 30, 31). Such events produce the accumulation of neutrophils
due to persistence of systemic inflammation; similar results were
described recently with Covid-19 (39). In addition, recent
transcriptomic data obtained in whole blood from TB patients
confirmed the signatures of neutrophils correlated with the
radiographic extent of TB disease that decreased during the
first 2 months of TB treatment (5). Together with other simple
diagnostic tests, neutrophil monitoring could be valuable as a
rule-out test and for identifying patients at baseline with a higher
chance of unfavorable treatment outcome.

Limitations
Collinearity, if there were any, was not an issue while estimating
the propensity score. This is because the objective at this stage is
to predict the propensity score, not inference.

We did not analyze other non-specific biomarkers of
inflammatory response associated with severe pulmonary TB,
such as C-reactive protein, albumin and globulin (2, 8, 40, 41).
These proteins, produced by the liver, act as homeostasis breakers
and thus, could potentially be used as biomarkers, in addition to the
blood neutrophil count. Anemia and HbA1c could be additional
variables that could be assessed in future studies. Furthermore, we
used only biomarkers obtained from blood analysis, and therefore, it
was not possible to analyze specific biomarkers associated with an
immune response in the lung. In addition, the extent of lung
involvement was not evaluated (42).

Conclusion
In our cohort, high blood neutrophil count at baseline was
associated with unfavorable TB treatment outcome in HIV-
seronegative TB patients, but not in HIV-seropositive patients.
We found no association between baseline neutrophil count and
positive MTB culture at month 2. The knowledge of the
association between high neutrophil count and unfavorable
treatment outcome can potentially help the clinician guide care
to improve outcomes in these high-risk patients. Our results
reinforce the need to carry out further prospective studies to
analyze the impact of host directed therapy, such as anti-
inflammatory drugs, in patients with abnormal levels of simple
biomarkers, such as neutrophil count.
Frontiers in Immunology | www.frontiersin.org 9353354
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Grace et al. Antibodies in TB Treatment
Given the heterogenous manifestation of disease in
individuals exposed to Mtb, it is not surprising that immune
responses toMtb are also heterogenous. And in humans, features
of the immune response such as numbers of circulating NK cells
(8), neutrophils (9), B cells (9, 10) and T cells (9) have been
observed to differ in TB-diseased individuals depending on their
disease severity and clearance of replicating Mtb following
treatment. Phenotypic differences in the T cell response to TB
have also been shown to associate with disease severity, with
higher frequencies of proliferating and TH1-cytokine producing
CD4 T cells observed in ATB compared to LTBI (11–14); these T
cells diminish from circulation following therapy (15, 16). In
addition, inflammatory signatures that include type I interferon,
captured through whole-blood RNA sequencing, demonstrate a
strong association with ATB disease, which also diminishes with
treatment (9, 17).

Antibody-based measures are attractive alternatives to
cellular measures of disease activity; these disease-specific
immune responses are easily and directly captured from serum
in an antigen specific manner. Measuring antibodies in sera is
also technically simple and relatively rapid when compared to
the cumbersome and variable measures of cellular immune
responses. Importantly, a single antibody molecule measures
both antigen-specificity within the variable domain (Fab) and
inflammatory state of the disease within the constant domain
(Fc) (18). Alterations in disease-specific IgG properties including
antigen specific titers (19, 20), isotype switching (21), and
glycosylation (22–26) provide insights into disease relapse or
severity across diseases ranging from cancer (27, 28),
autoimmunity (29, 30), and infections (20, 31). While changes
in disease-specific titers do not always reflect changes in disease
activity (32–35), alterations in disease-specific Fc-properties
provide critical qualitative insights into disease activity. Given
that changes in IgG Fc-profiles also track with altered Fc-effector
function, unique humoral markers of disease activity may also
provide additional insights into the mechanism(s) of enhanced
disease control and even elimination. Along these lines, recent
studies of TB-specific antibodies highlight the disease
discriminatory activity of IgG Fc-glycosylation features (36, 37)
that may point to unexpected mechanisms of anti-microbial
control (36, 38–42).

Recent data indicate that B cells change not only in number
but also phenotype and function during TB disease and after
treatment (10). While decreased TB-specific IgG titers have been
noted in several studies following TB treatment (43, 44), it
remains unclear whether antibody Fc-profiles also shift with
treatment. Humoral profile shifts could provide insights into
long-term immunity after successful Mtb clearance and point to
markers of TB treatment success. Thus, in this study we aimed to
determine how the humoral immune response to Mtb differed
among the TB states: LTBI, ATB, and txATB. We profiled the
TB-specific humoral immune responses in the serum of
individuals previously profiled for B cell phenotype and
function (10) using a systems serology approach (45). These
measures included total serum antibody titers, antigen-specific
antibody titers, and antibody-mediated functional responses in
Frontiers in Immunology | www.frontiersin.org 2357358
human cells. And in light of our recent study of IgG glycans in
LTBI/ATB discriminatory model performance, which found
IgG-Fc glycans discriminated better compared to whole IgG
and Fab-glycans (37); we focused on IgG-Fc glycans in the
humoral profiling of this cohort. We observed significant
differences in IgG-Fc glycosylation across individuals with
LTBI and ATB disease, consistent with earlier observations in
IgG from independent cohorts of LTBI and ATB individuals
(37). Additionally, we found enrichment of TB-specific IgG4
among ATB individuals. Strikingly, these same antibody features
distinguished ATB from txATB, suggesting that IgG4, in
addition to IgG-Fc glycosylation, may also be a marker of
ongoing inflammation and the ATB disease activity.
METHODS

Study Subjects
Sample collection was approved by the ethical committee of
INMI, approval number 72/2015; informed written consent was
obtained before collection. ATB was confirmed via Mtb sputum
culture and patients were enrolled within 7 days of starting
the TB treatment (isoniazid, rifampicin, ethambutol and
pyrazinamide for 2 months, followed by isoniazid, rifampicin
for 4 additional months (46). TxATB subjects were patients who
completed a 6-month course treatment for culture-positive
pulmonary TB and were culture-negative at 2 and 6 months of
therapy. LTBI subjects were mainly contacts recently exposed
(within the previous 6 months) to smear-positive ATB patients
with positive QuantiFERON TB Gold In tube (QFT-IT)
(Quiagen, Germany) but without symptoms or radiological
signs of ATB. Healthy donors were QFT-IT- and HIV-

individuals not undergoing immunosuppressive drug
treatments. Serum samples were collected in heparin tubes. An
additional 10 healthy HIV- donors from the Greater Boston,
Massachusetts area were recruited by Ragon Institute of MGH,
MIT, and Harvard for serum assay controls. Blood samples were
collected in ACD tubes from different donors in the Boston-area,
for the isolation of Neutrophils for ADNP assays. NK cells used
for assessing antibody function were derived from buffy coats of
healthy HIV- donors collected by the MGH Blood Donation
Bank. All study participants for additional healthy negatives and
primary cell isolation gave written, informed consent, approved
by the institutional review boards at Massachusetts General
Brigham Hospital.

Total Immunoglobulin Quantification
Total quantities of IgG1, IgG2, IgG3, IgG4, IgM, and IgA
were determined in serum samples diluted 1:15,000 and
used the MILLIPLEX® MAP Human Isotyping Magnetic
Bead Panel (Sigma-Millipore HGAMMAG-301K) to quantify
total immunoglobulins.

Antigens for Antibody Profiling
Mtb antigen used to profile antibody responses included: PPD
(Staten Serum Institute), recombinant (rec.) Ag85A and Ag85B
July 2021 | Volume 12 | Article 679973
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