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Article history:

Objectives: To characterize the inflammatory cytokine profiles in children with TB in the presence and
absence of SARS-CoV2 seropositivity.

Methods: This study evaluated cytokine responses in two groups of children with TB: CoV2+ (TB and SARS-
CoV2 seropositive) and CoV2- (TB and SARS-CoV2 seronegative). Each group had 30 children, and cytokine
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Ilf?(;‘i’g;dcs} 5 levels were measured at baseline, months 3 and 6.
SARS-CoV?2 Results: At baseline, CoV2+ children exhibited significantly elevated levels of cytokines, including IFN-y, IL-
COVID-19 2, TNFa, IL-10, and IL-6, and reduced levels of IL-1p and IL-18, compared to CoV2- children. No significant
Cytokines differences in cytokine levels between the groups were observed at months 3 and 6. Additionally, a general
decline in cytokine levels was noted over the course of treatment in both groups. A positive correlation was
found between most cytokines and SARS-CoV2 IgG spike protein levels at baseline and at month 3 in the
CoV2+ group.
Conclusions: This study is one of the first studies to characterize the systemic inflammatory responses in
SARS-CoV2 seropositive and seronegative children with TB from a TB endemic country. The findings en-
hance our understanding of the immunopathogenesis of TB and SARS-CoV2 seropositivity in children and
may inform future therapeutic strategies
© 2024 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction and immunopathological interplay between these two diseases, as

From an epidemiological standpoint, tuberculosis (TB) continues
to cause significant global mortality annually."” Recently, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) became one
of the deadliest viral pathogens resulting in the coronavirus disease
19 (COVID-19) pandemic with huge mortality.”* The emergence of
COVID-19 not only exacerbated socioeconomic challenges but also
led to substantial disruptions in public health systems worldwide,
including the management of TB.>* Both TB and COVID-19 have been
reported to co-infect individuals.® However, the complex clinical

* Corresponding authors.
E-mail addresses: nathella.pk@icmr.gov.in (N.P. Kumar),
venkataraman.a@icmr.gov.in (A. Venkataraman).
1 Authors contributed equally to the work as first authors.
2 Authors contributed equally to the work as senior authors.

https://doi.org/10.1016/j.jinf.2024.106314

well as the factors influencing mortality in cases of co-infection, are
not well understood.>® A study by the Global Tuberculosis Network,
which analyzed 49 patients co-infected with TB and COVID-19 across
eight countries, suggests that TB may develop simultaneously or
subsequent to COVID-19 infection, potentially leading to higher
case-fatality rates.” Current research also indicates that COVID-19
can develop independently of TB, whether before, during, or after TB
diagnosis.®” The coexistence of active TB and COVID-19 is particu-
larly concerning in regions with high TB prevalence. Both diseases
primarily affect the respiratory system and are known to trigger
severe inflammation within the lungs. COVID-19 may possibly ac-
celerate TB progression due to the hyperinflammatory conditions
caused by COVID-19.>%

To tailor effective treatment strategies and risk mitigation in
areas at high risk for this syndemic, it is crucial to characterize the
shared immunopathogenic mechanisms.’ Therefore, in this study we
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aim to examine and compare the inflammatory responses in ser-
opositive and seronegative SARS-CoV-2 children with TB.

Materials and methods
Ethics statement

Informed consent was obtained from the parents or guardians of
all participating children, with assent from the children where ap-
propriate. The study received approval from the Internal Ethics
Committee (IEC) of the ICMR-National Institute for Research in
Tuberculosis and the collaborating institutions (Institute of Child
Health, Chennai and Madurai Medical College, Madurai).

Study population and procedures

This study leveraged from ongoing TB-COVID study and included
children aged 2 to 17 years, diagnosed with pulmonary TB (PTB) or
extrapulmonary TB (EPTB); both confirmed and clinically diagnosed,
from the Institute of Child Health, Chennai and Government Rajaji
Hospital, Madurai. Children with CNS TB and disseminated TB or
requiring anti-tuberculous therapy for more than 6 months were
excluded. All children were SARS-CoV-2 RT-PCR negative at baseline,
and we included children for whom samples for immunological
assays were available at three time points (at baseline, 3 months and
6 months). Based on the anti-SARS-CoV-2 IgG status children were
categorized into two groups: TB+SARS-CoV-2 antibody positive
[CoV2+] (n = 30) and TB+SARS-CoV-2 antibody negative [CoV2-]
(n = 30). Blood samples were collected at baseline (prior to anti-TB
treatment), and at months 3 (mid treatment) and 6 months (end of
treatment). The collected blood samples were transported to the
ICMR-National Institute for Research in Tuberculosis (NIRT), Chennai
and Madurai and processed within 4 h of collection. Samples were
centrifuged, and the plasma was stored in -80 °C freezers until
analysis.

Multiplex assay

Cytokine levels were measured using the Magpix multiplex cy-
tokine assay system (Bio-Rad, Hercules, CA). Assays were conducted
to quantify cytokines including Interferon-gamma (IFN-y), inter-
leukin-2 (IL-2), tumor necrosis factor-alpha (TNF-a), IL-4, IL-5, IL-13,
IL-17A, IL-1«, IL-1B, IL-6, IL-10, IL-12p70, IL-18, and Granulocyte-
macrophage colony-stimulating factor (GM-CSF), using Enzyme-
Linked Immuno Sorbent Assay (ELISA) kits from R&D Systems
(Minneapolis, MN). Assay personnel were blinded to clinical data.

Antibody assays

Serological testing for antibodies targeting the viral Spike protein
IgG (S) and membrane protein IgM was performed using YHLO iFlash
1800 Chemiluminescence Immunoassay Analyzer using iFlash-SARS-
CoV-2 IgG (S). The cut-off value for SARS-CoV-2 IgG and IgM, ac-
cording to the manufacturer, IgG and IgM concentrations more than
or equal to 10.00 AU/mL was considered as positive.

Statistical analysis

Geometric means (GM) were employed to describe central ten-
dencies. Differences between the CoV2+ and CoV2- groups were
analyzed using the Mann-Whitney U test, with P < 0.05 considered
statistically significant. Cytokine levels across different time points
were compared using the Wilcoxon signed-rank test. Data analyses
were performed using GraphPad PRISM Version 9.0 (GraphPad
Software, CA, USA) and R Studio for principal component analysis
(PCA) and heat maps visualization.

Table 1
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Demographic data of study population.

S.No  Characteristics of TB+SARS-CoV-2 TB+SARS-CoV-2
study population antibody positive antibody negative
1 Age 10.5 (2-16) 6.5 (2-17)
2 Male 12 (30) 13 (30)
3 Female 18 (30) 17 (30)
4 BMI
5 Weight (median) 25.5 (14.5-73.7) 21.6 (11.6-43.6)
6 Height 136 (104-170) 136 (96-157)
7 MUAC 17.5 (13.5-30) 18 (12.5-24)
8 TB Contact 9 (30%) 21(70%)
Current TB status
9 TB (Confirmed/ 10(34%) [ 20 (66%) 12(40%) | 18 (60%)
Unconfirmed)
10 Type 8 PULMONARY 2 12 PULMONARY
EXTRA PULMONARY
11 Symptoms
12 Fever 12(40%) 14(46.6%)
13 Cough 16(53.3%) 20(66.6%)
14 Shortness of breath 4(13.3%) 8(26.6%)
15 Loss of weight 13(43.3%) 18(60%)
16 Lack of energy 7(23.3%) 13(43.3%)
17 Vomiting 5(16.6%) 11(36.6%)
18 Abdominal pain 6(20%) 7(23.3%)
19 Headache 2(6.66%) 4(13.3%)
20 Loss of appetite 7(23.3%) 11(36.6%)
21 Night sweats 1(3.33%0 2(6.66%)
Investigations
22 TST 23(76.6%) 24(80%)
23 HIV Status 0 0
24 CXR 12(40%) 17(56.6%)
25 CBNAAT 4(13.3%) 0
COVID IgG SPIKE
26 1gG(S) BL 91.32 (14.7-383.75) 0.65 (0.14-9.69)
30POSITIVE (100%)
27 1gG(S) M3 125.7 (12.59-481.52) 1.7 (0.22-77.36)
30POSITIVE (100%) 4POSITIVE (13.3%)
28 1gG(S) M6 33.84 (2.9-550.05) 0.53 (0.25-57.35)
20POSITIVE (66.6%) 6POSITIVE (20%)
Results

Demographics of study population

A total of 60 children were included in this study, with a median
age of 8.5 years. Among them, 23(38%) were males. Of the total
cohort, 22 children (36%) were microbiologically confirmed TB cases,
comprising of 20 pulmonary TB and 2 extra-pulmonary TB. All
children had received BCG vaccination at birth. Tuberculin skin test
(TST) was positive in 47 (78%) children (Table 1).

Elevated cytokine levels in TB children with SARS-CoV2 seropositivity

To explore differences in cytokine responses between TB children
with and without SARS-CoV2 seropositivity, we evaluated cytokine
levels in plasma. As depicted in Fig. 1A, seropositive SARS-CoV-2
children (CoV2+) exhibited significantly heightened production of
IFN-y, IL-2, TNF-q, IL-6, IL-10, IL-1a, IL-18, IL-18, and IL-5 at baseline
compared seronegative SARS-CoV2 seropositivity. Similarly, elevated
levels of IFN-y, IL-2, TNF-q, IL-6, IL-10, IL-1«, IL-18, and IL-5 were
observed in SARS-CoV2 seropositive children compared to ser-
onegative children (CoV2-) at month 3. However, at month 6
(completion of anti-TB treatment), circulating levels of TNF-«, IL-10,
and IL-1a alone were increased in SARS-CoV2 seropositive children
compared to seronegative children. These findings indicate a hy-
perinflammatory immune response in children with TB and SARS-
CoV2 seropositivity.



N.P. Kumar, S. Balaji, P.G. Devi et al.

[A]

Journal of Infection 89 (2024) 106314

IFNy IL-2 TNFa IL-6 IL-10 IL-17A IL-1ac -1 IL-18 IL-4 IL-5 IL-13 GM-CSF IL-12
p=0.0430
1000 — p=0.0178 1
8
p=0.0004 -
= p=0.0133 | p=0.0013| " —— | © 8 p<0.0001 p<0.0001 | 1,0 0083 | & p=0.0002
S~ '_| P "
g 100- o % o % o 8 2
% & & & 8 g8 5o 8 : g &
4 3 e b®® 88 ééégéﬁ °
1 r r 1T 1 11 1T 17 1T 1717 1T °T1 7 1T 171 1771 1117 1§17 1§11 °11
c,a\x Os\'(,a\x 004'00\\" 004'004" (;s\'c,a\x 004'05\" 004'00\\" (;o\\'(,a\x 004'(,6\" 004'(,0\\" (;o\\’(,a\x 00\\'06\" 004'(,0\\" Oa\’c,a\x Os\'
[B] IFNy IL-2 TNFa IL-6 IL-10 IL-17A IL-1ac  IL-1p  IL-18 IL-4 IL-5 IL-13 GM-CSF IL-12
p=0.0151
1000 p=0.0045 —
= o
p=0.0117 |p=0.0072 p,ﬂ: p<0.0001 p<0.0001 p=0.0064
1 [— °
— 100 o ¢ o % ° o
£ S 8 o 8 °
I §% 4% &40 8 t e ea®d
: :9°bas bge° Lieéd g .
13
o
(o]
1 r 1~ 1 1 11 1T 171 1717 1T 7 11 1771 1771 1117 1§61 177§ °1 711
004" 06\ 004" 05\ c,a\x 0§ (PAX 05\ 004" 06\ c,a\x O§ (,04’( 05\ (,04" 06\ c,a\x O§ (,a\x 05\ 004" 03\ 004" Os\ c,a\x C;°A 004" 06\
[C] IFNy IL-2 TNFa IL-6 IL-10 IL-17A IL-1la  IL-1B IL-18 IL-4 IL-5 IL-13 GM-CSF IL-12
1000 —
p=0.0001 0.0001
1 p=0. <0.0001
° ° — °
— 100- o
€ ° 25 8 | o ° % 8 ° | o
< <) o 8
: heTadab; 038505 sngbade
10— % @O % @ @ % o o & Egb g é
° &
& ©
1 r 1 1 1 1 1T 1T 1T 1717 1T T1TT°T1°T1 1T 17T °§1T 7§17 171717 °§1T°§6 1 °1 7171

Fig. 1. CoV2+ Results in Elevated Plasma Levels of Pro- and Anti-inflammatory Cytokines. The plasma levels of pro- and anti-inflammatory cytokines were measured in CoV2+
(n=30) and CoV2- (n=30) children with TB disease at [A] Baseline, [B] Month 3, and [C] Month 6. Data are presented as scatter plots, with each circle representing a single
individual. P values were calculated using the non-parametric Mann-Whitney U test, with Holms correction for multiple comparisons.

Decrease in plasma cytokine levels following anti-TB treatment

We investigated whether the elevated plasma levels of cytokines
were directly associated with TB disease by measuring these cyto-
kine levels in both groups at baseline (pre-treatment), month 3
(mid-treatment), and month 6 (after completion of anti-TB treat-
ment). As depicted in Fig. 2, following completion of TB treatment,
cytokine levels of IFN-y, IL-2, IL-10, IL-1a, and GM-CSF significantly
decreased in both groups, returning to pre-treatment levels. How-
ever, the levels of IL-5 and IL-6 decreased only in the CoV2+ children,
while the levels of TNF-a, IL-1p, and IL-18 decreased in CoV2- chil-
dren when compared to pre-treatment levels.

Plasma inflammatory markers as discriminators of TB children with
SARS-CoV-2 seropositivity

We conducted a principal component analysis (PCA) using data
on a subset of cytokines to compare and visually represent the
grouping between TB children with and without SARS-CoV2 ser-
opositivity. PCA enables the detection of variation and patterns
within our dataset. Specifically, we performed PCA of IFN-y, IL-2,
TNF-q, IL-1a, IFN-B, IL-6, IL-18, and IL-10 to assess the discriminatory
power of plasma cytokines in distinguishing both groups of children
(refer to Fig. 3). Our PCA results clearly demonstrate the ability of
these markers to differentiate between the study groups.
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Fig. 2. CoV2+ and CoV2- Children Show Diminished Plasma Levels of Pro- and Anti-inflammatory Cytokines Following Treatment. The plasma levels of pro- and anti-in-
flammatory cytokines in CoV2+ and CoV2- children at [MO] (n=30), [M3] (n=30), and after [M6] (n=30) are shown. Data are represented as line diagrams, with each line
representing a single individual. For the analysis of MO vs M3 vs M6, P values were calculated using the Wilcoxon matched-pair tests.

Canonical correlation analysis (CCA) as a tool for evaluating TB delineating the evolution of immune responses before and after the
treatment response completion of anti-TB treatment in both groups of children.

CCA, a multivariate statistical model, facilitates the analysis of Correlation analysis of cytokine levels over time in TB children with and
linear interrelationships between two sets of variables: one set without SARS-CoV2 seropositivity
serving as independent variables and the other as dependent vari-

ables. It forms composite scores for each set, developing a canonical We aimed to identify correlations between cytokine responses at
function that maximizes the correlation between the two composite baseline, month 3 (M3), and month 6 (M6) in CoV2+ and CoV2-
variables [40]. As illustrated in Fig. 4, the utilization of CCL1 com- children, respectively. Spearman’s correlation coefficients were

prising IFN-y, IL-2, TNF-a, IL-17A, IL-4, IL-5, IL-13, and CCL2 including employed to determine the correlation effect, and the data were
IL-6, IL-10, IL-1«, IL-1B, IL-18, IL-12, and GM-CSF, clearly discriminate visualized using heat map color intensity, with variables ordered by
between responses at baseline versus at months 3 and 6. Conse- hierarchical clustering. As depicted in Fig. 5, significant correlations
quently, this set of cytokines demonstrates substantial capability in were observed between SARS-CoV-2 IgG Spike protein levels and
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Fig. 3. Principal Component Analysis (PCA) Reveals Patterns in Cytokines. PCA was conducted to demonstrate the dispersion of data from the combination of two groups: CoV2+
(blue circles) and CoV2- (red circles). The PCA illustrates the two principal components of variation.

IFN-y, TNF-o, IL-18, and IL-18 in both the CoV2+ and CoV2- groups.
This analysis highlights potential associations between SARS-CoV2
seropositivity and specific cytokine responses over the course of TB
treatment.

Discussion

The global spread of SARS-CoV2, leading to COVID-19 disease, has
emerged as a significant public health concern.'” Evidence suggests
that COVID-19 can induce various pathological events by altering
individuals’ immune status.'! Concurrently, TB continues to exert a
substantial toll on global health annually. Poor outcomes in both TB
and COVID-19 may be linked to risk factors such as age extremes and
comorbidities like diabetes, hypertension, and chronic respiratory
disorders.”'? Recent research underscores TB as a significant risk
factor for the severity and mortality associated with COVID-19,"
with the Centers for Disease Control and Prevention (CDC)

CoV2+

identifying TB as a risk factor for severe COVID-19, alongside other
non-communicable illnesses.'*

It is well known that in adults, the symptoms of COVID-19 and TB
exhibit notable similarities,'>'® but in children, COVID-19 affects
differently from adults, with the disease being mild to moderate
presentation. However, COVID-19 had a significant impact on
childhood TB services, particularly affecting the diagnosis due to
delayed presentation.'” It is also not known whether previous SARS-
COV-2 exposure (SARS-CoV-2 seropositive - IgG positive) would
have an influence on TB disease in children.

There are various studies describing how viral diseases like
measles or influenza have been found to adversely affect TB, leading
to an increased incidence of TB disease. This is mainly due to tem-
porary immune system suppression.'®!® Furthermore, the current
understanding of the pathogenic pathways of COVID-19 is limited,
and there is a scarcity of research that has shown the coexistence of
TB or the impact of COVID-19 in individuals with TB.?%!
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o B
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Fig. 4. Cytokines Are Engaged in TB Children with and without CoV2 antibody positivity During Baseline and Post-Treatment. Canonical correlation analysis (CCA) was performed
to assess whether a combination of cytokines (CCL1) can differentiate between baseline (M0) and Month 3 (M3) from Month 6 (M6). Data are represented as dot plots, with each

dot representing a single individual.
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Fig. 5. Relationship Between Cytokine and IgG Spike Protein Levels. A multiparametric matrix correlation plot of cytokines and IgG spike protein levels in all children of CoV2+
and CoV2- at baseline (M0), Month 3 (M3), and Month 6 (M6). Spearman’s correlation coefficients are visualized by color intensity. P values and Spearman r values are ordered by
hierarchical clustering. In the correlation plot, the box size represents the correlation value ranging from -1 to +1; larger sizes indicate stronger correlations. Blue color represents
positive correlation, while red color represents negative correlation. Statistically significant p-values are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

Our study, therefore, focused on the impact of SARS-CoV-2 ser-
opositive on TB disease in the pediatric population. The results
presented herein provide compelling evidence that children with TB
and SARS-CoV-2 seropositive exhibit heightened levels of in-
flammatory cytokines. Cytokines play a crucial role in enhancing the
host’s resistance against TB infection and disease.?” Proinflammatory
cytokines, produced by T cells, macrophages, and other immune
cells, serve as signaling molecules to stimulate inflammation and
enhance immunity. Their involvement in host resistance to TB is
supported by research conducted on animal models.?>** Moreover,
our previous study on pediatric TB revealed that children with active
TB exhibit higher levels of type 1, type 17, and other proin-
flammatory cytokines compared to children without TB.>* Similar to
TB, cytokines play a pivotal role in COVID-19, with their plasma le-
vels often associated with disease severity.”* Cytokine release syn-
drome, characterized by significantly elevated inflammatory and
proinflammatory cytokines such as IL-6, is a hallmark of severe
COVID-19 cases.’® This systemic hyperinflammation is commonly
observed in children with COVID-19.””%® Qur previous study on cy-
tokine responses in children with acute COVID-19 and SARS-CoV-2
seropositivity showed that children with COVID-19 or seropositive
status exhibited heightened levels of inflammatory cytokines com-
pared to healthy controls.”® These findings collectively underscore
the significant impact of cytokines on host immunological responses
in both TB and SARS-CoV-2 seropositive children.

The findings from the adult study showed elevated levels of in-
flammatory cytokines (such as TNFa, IL-1B, IL-17A, IL-5, and GM-CSF)
in those with TB-COVID-19 co-infection compared to those with TB
alone.*° Similarly, in our study, we observe elevated levels of in-
flammatory cytokines in CoV2+ children compared to those with TB
alone (CoV2-) suggesting SARS-COV-2 exposure may alter immune
responses in active TB. Our data reveals three main findings. Firstly,
SARS-COV-2 seropositivity in children with TB amplifies the baseline
production of proinflammatory cytokines (such as IFNy, IL-2, TNFq,
IL-1a, IL-6, and IL-10) compared to TB alone. Secondly, following

completion of anti-TB treatment, seropositive SARS-COV-2 children
display a decline in inflammatory responses. Lastly, the induction of
immune responses is positively correlated with SARS-CoV-2 IgG (S)
levels at baseline not after completion of TB treatment, indicating a
significant alteration in immune response in children with CoV2+
children.

Our study is one of the first comprehensive investigation into the
immune profile of children with TB and SARS-CoV-2 seropositivity
from India, which has a high burden to TB. The emergence of con-
flicting clinical data underscores the complex interplay between
tuberculosis (TB) and COVID-19, where TB patients exhibit decreased
pulmonary function and an elevated risk of adverse outcomes from
COVID-19. Significantly, our findings highlight overlapping immune
responses in COVID-19 and TB disease, characterized by aberrant
pro-inflammatory cytokine production. Both SARS-CoV2 and Mtb
induce dysregulated immune responses, which may elevate the risk
of TB infection, TB disease and its severe course.

We found that SARS-CoV-2 seropositivity exacerbates im-
munological responses specific to tuberculosis, delineating a distinct
immunopathogenic profile from TB alone children. This nuanced
understanding of the immune dysregulation provides crucial in-
sights into the pathogenesis of these dual infections and may inform
clinicians in the assessment and management of pediatric patients
affected by TB and COVID-19. By elucidating the intricate immune
mechanisms underlying SARS-CoV-2 seropositivity and TB, our study
offers a foundation for the development of targeted therapeutic in-
terventions aimed at mitigating the adverse outcomes associated
with these intertwined diseases.

Financial support
This work was supported by the ICMR-NIRT intramural funds as

well as by the Division of Intramural Research, National Institute of
Allergy and Infectious Diseases (NIAID) and NIRT-ICER funds.



N.P. Kumar, S. Balaji, P.G. Devi et al.

Data availability

All the reported data are available within the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing fi-

nancial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

We would like to thank the NIRT Director for the constant sup-

port throughout the study; we also thank all the Pediatric
Consultants and infection control nurses at Institute of Child Health
Hospital, Chennai, India for their support and contributions. We also
sincerely thank the NIRT-ICER staff for technical support and staff of
Department of Clinical Research for their support in participant
enrolment process.

References

10.

. Luke E, Swafford K, Shirazi G, Venketaraman V. TB and COVID-19: an exploration of

the characteristics and resulting complications of co-infection. Front Biosci
2022;14(1):6.

. Chakaya JM, Harries AD, Marks GB. Ending tuberculosis by 2030-Pipe dream or

reality? Int ] Infect Dis 2020;92S:551-4.

. Sironi M, Hasnain SE, Rosenthal B, Phan T, Luciani F, Shaw MA, et al. SARS-CoV-2

and COVID-19: a genetic, epidemiological, and evolutionary perspective. Infect Genet
Evol 2020;84:104384.

. Singh H, Singh ], Khubaib M, Jamal S, Sheikh JA, Kohli S, et al. Mapping the genomic

landscape & diversity of COVID-19 based on >3950 clinical isolates of SARS-CoV-2:
likely origin & transmission dynamics of isolates sequenced in India. Indian | Med Res
2020;151(5):474-8.

. Visca D, Ong CWM, Tiberi S, Centis R, D’Ambrosio L, Chen B, et al. Tuberculosis and

COVID-19 interaction: a review of biological, clinical and public health effects.
Pulmonology 2021;27(2):151-65.

. Stochino C, Villa S, Zucchi P, Parravicini P, Gori A, Raviglione MC. Clinical char-

acteristics of COVID-19 and active tuberculosis co-infection in an Italian reference
hospital. Eur Respir ] 2020;56(1):2001708.

. Tadolini M, Codecasa LR, Garcia-Garcia JM, Blanc FX, Borisov S, Alffenaar JW, et al.

Active tuberculosis, sequelae and COVID-19 co-infection: first cohort of 49 cases. Eur
Respir ] 2020;56(1):2001398.

. Gupta U, Prakash A, Sachdeva S, Pangtey GS, Khosla A, Aggarwal R, et al. COVID-19

and tuberculosis: a meeting of two pandemics!. | Assoc Physicians India
2020;68(12):69-72.

. Sheerin D, Abhimanyu, Peton N, Vo W, Allison CC, Wang X, et al

Immunopathogenic overlap between COVID-19 and tuberculosis identified from
transcriptomic  meta-analysis and human macrophage infection. iScience
2022;25(6):104464.

Sharma A, Balda S, Apreja M, Kataria K, Capalash N, Sharma P. COVID-19 diagnosis:
current and future techniques. Int | Biol Macromol 2021;193(Pt B):1835-44.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Journal of Infection 89 (2024) 106314

Lamers MM, Beumer J, van der Vaart J, Knoops K, Puschhof ], Breugem TI, et al.
SARS-CoV-2  productively infects human gut enterocytes. Science 2020;
369(6499):50-4.

. Motta I, Centis R, D’Ambrosio L, Garcia-Garcia JM, Goletti D, Gualano G, et al.

Tuberculosis, COVID-19 and migrants: preliminary analysis of deaths occurring in 69
patients from two cohorts. Pulmonology 2020;26(4):233-40.

Sarkar S, Khanna P, Singh AK. Impact of COVID-19 in patients with concurrent co-
infections: a systematic review and meta-analyses. ] Med Virol 2021;93(4):2385-95.
du Bruyn E, Stek C, Daroowala R, Said-Hartley Q, Hsiao M, Schafer G, et al. Effects
of tuberculosis and/or HIV-1 infection on COVID-19 presentation and immune re-
sponse in Africa. Nat Commun 2023;14(1):188.

Ahn DG, Shin HJ, Kim MH, Lee S, Kim HS, Myoung |, et al. Current status of epi-
demiology, diagnosis, therapeutics, and vaccines for novel coronavirus disease 2019
(COVID-19). ] Microbiol Biotechnol 2020;30(3):313-24.

Zhu N, Zhang D, Wang W, Li X, Yang B, Song ], et al. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl ] Med 2020;382(8):727-33.
Togun T, Kampmann B, Stoker NG, Lipman M. Anticipating the impact of the COVID-
19 pandemic on TB patients and TB control programmes. Ann Clin Microbiol
Antimicrob 2020;19(1):21.

Ong CWM, Migliori GB, Raviglione M, MacGregor-Skinner G, Sotgiu G, Alffenaar
JW, et al. Epidemic and pandemic viral infections: impact on tuberculosis and the
lung: a consensus by the World Association for Infectious Diseases and Immunological
Disorders (WAidid), Global Tuberculosis Network (GTN), and members of the
European Society of Clinical Microbiology and Infectious Diseases Study Group for
Mycobacterial Infections (ESGMYC). Eur Respir | 2020;56(4):2001398.

Whittaker E, Lopez-Varela E, Broderick C, Seddon JA. Examining the complex re-
lationship between tuberculosis and other infectious diseases in children. Front
Pediatr 2019;7:233.

Fagihi F, Alharthy A, Noor A, Balshi A, Balhamar A, Karakitsos D. COVID-19 in a
patient with active tuberculosis: a rare case-report. Respir Med Case Rep
2020;31:101146.

Musso M, Di Gennaro F, Gualano G, Mosti S, Cerva C, Fard SN, et al. Concurrent
cavitary pulmonary tuberculosis and COVID-19 pneumonia with in vitro immune cell
anergy. Infection 2021;49(5):1061-4.

Mayer-Barber KD, Sher A. Cytokine and lipid mediator networks in tuberculosis.
Immunol Rev 2015;264(1):264-75.

Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical characteristics of
coronavirus disease 2019 in China. N Engl ] Med 2020;382(18):1708-20.

O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson R], Berry MP. The immune
response in tuberculosis. Annu Rev Immunol 2013;31:475-527.

Kumar NP, Hissar S, Thiruvengadam K, Banurekha VV, Suresh N, Shankar J, et al.
Discovery and validation of a three-cytokine plasma signature as a biomarker for
diagnosis of pediatric tuberculosis. Front Immunol 2021;12:653898.

Valverde I, Singh Y, Sanchez-de-Toledo ], Theocharis P, Chikermane A, Di Filippo S,
et al. Acute cardiovascular manifestations in 286 children with multisystem in-
flammatory syndrome associated with COVID-19 infection in Europe. Circulation
2021;143(1):21-32.

Blondiaux E, Parisot P, Redheuil A, Tzaroukian L, Levy Y, Sileo C, et al. Cardiac MRI
in children with multisystem inflammatory syndrome associated with COVID-19.
Radiology 2020;297(3):E283-8.

Jaffer U, Wade RG, Gourlay T. Cytokines in the systemic inflammatory response
syndrome: a review. HSR Proc Intensive Care Cardiovasc Anesth 2010;2(3):161-75.
Venkataraman A, Kumar NP, Hanna LE, Putlibai S, Karthick M, Rajamanikam A,
et al. Plasma biomarker profiling of PIMS-TS, COVID-19 and SARS-CoV2 seropositive
children - a cross-sectional observational study from southern India. EBioMedicine
2021;66:103317.

Najafi-Fard S, Aiello A, Navarra A, Cuzzi G, Vanini V, Migliori GB, et al.
Characterization of the immune impairment of patients with tuberculosis and COVID-
19 coinfection. Int ] Infect Dis 2023;130(Suppl 1):5S34-42.


http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref1
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref1
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref1
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref2
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref2
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref3
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref3
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref3
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref4
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref4
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref4
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref4
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref5
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref5
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref5
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref6
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref6
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref6
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref7
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref7
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref7
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref8
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref8
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref8
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref9
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref9
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref9
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref9
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref10
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref10
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref11
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref11
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref11
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref12
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref12
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref12
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref13
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref13
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref14
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref14
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref14
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref15
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref15
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref15
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref16
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref16
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref17
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref17
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref17
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref18
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref18
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref18
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref18
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref18
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref18
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref19
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref19
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref19
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref20
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref20
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref20
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref21
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref21
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref21
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref22
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref22
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref23
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref23
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref24
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref24
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref25
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref25
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref25
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref26
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref26
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref26
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref26
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref27
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref27
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref27
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref28
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref28
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref29
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref29
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref29
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref29
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref30
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref30
http://refhub.elsevier.com/S0163-4453(24)00248-2/sbref30

	Inflammatory cytokine responses in pediatric tuberculosis with or without SARS-CoV-2 seropositivity
	Introduction
	Materials and methods
	Ethics statement
	Study population and procedures
	Multiplex assay
	Antibody assays
	Statistical analysis

	Results
	Demographics of study population
	Elevated cytokine levels in TB children with SARS-CoV2 seropositivity
	Decrease in plasma cytokine levels following anti-TB treatment
	Plasma inflammatory markers as discriminators of TB children with SARS-CoV-2 seropositivity
	Canonical correlation analysis (CCA) as a tool for evaluating TB treatment response
	Correlation analysis of cytokine levels over time in TB children with and without SARS-CoV2 seropositivity

	Discussion
	Financial support
	Data availability
	Declaration of Competing Interest
	Acknowledgments
	References




