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Background: Tuberculosis (TB) and COVID-19 are the two leading causes of

infectious diseasemortality worldwide, and their overlap is likely frequent and

inevitable. Previous research has shown increased mortality in TB/COVID-

coinfected individuals, and emerging evidence suggests that COVID-19 may

increase susceptibility to TB. However, the immunological mechanisms

underlying these interactions remain unclear. In this study, we aimed to

elucidate the impact of prior or concurrent COVID-19 infection on immune

profiles of TB patients and those with other respiratory diseases (ORD).

Methods: Serum and nasopharyngeal samples were collected from 161

Gambian adolescents and adults with either TB or an ORD. Concurrent

COVID-19 infection was determined by PCR, while prior COVID-19 was

defined by antibody seropositivity. Multiplex cytokine immunoassays were

used to quantify 27 cytokines and chemokines in patient serum samples at

baseline, and throughout treatment in TB patients.

Results: Strikingly, TB and ORD patients with prior COVID-19 infection were

found to have significantly reduced expression of several cytokines, including

IL-1b, TNF-a and IL-7, compared to those without (p<0.035). Moreover, at

month-six of anti-TB treatment, seropositive patients had lower serum Basic

FGF (p=0.0115), IL-1b (p=0.0326) and IL-8 (p=0.0021) than seronegative. TB

patients with acute COVID-19 coinfection had lower levels of IL-8, IL-13,

TNF-a and IP-10 than TB-only patients, though these trends did not reach

significance (p>0.035).
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Conclusions: Our findings demonstrate that COVID-19 infection alters the

subsequent response to TB and ORDs, potentially contributing to

pathogenesis. Further work is necessary to determine whether COVID-19

infection accelerates TB disease progression, though our results

experimentally support this hypothesis.
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Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis

(Mtb), is one of the leading infectious disease killers worldwide,

second only to coronavirus disease 2019 (COVID-19) (1). In 2021,

there were 10.6 million new cases of TB and an estimated 1.6

million deaths, with low- and middle-income countries

disproportionately affected (1). Due to disruptions in TB services

caused by the COVID-19 pandemic, TB incidence and mortality are

projected to further worsen in the next few years (2).

Anti-Mtb immunity relies on T-helper 1 (Th1) cells, which

produce interferon (IFN)-g, a type II IFN that activates

macrophages and enhances anti-mycobacterial activity via a pro-

inflammatory cytokine cascade (3). In 90% of cases, the Mtb

infection is contained (termed latent TB) (4). However, when the

host-pathogen balance changes, as with HIV co-infection,

reactivation of the infection occurs, leading to active TB disease

and associated inflammation (3). Although this inflammatory

response is important for Mtb elimination, it contributes to tissue

damage and lung pathology (5).

The causative agent of COVID-19 is severe acute respiratory

syndrome coronavirus (SARS-CoV)-2 (6). As with Mtb, SARS-

CoV-2 infection elicits a pro-inflammatory Th1-type cellular

response (7). However, it also induces expression of type I IFNs,

which play a central and varied role in anti-viral immunity (8).

Notably, type I IFNs modulate the Th1/IFN-g response to prevent

hyperinflammation, though the extent to this negative feedback

effect is context-dependent (9, 10). Clinically, cytokine storm and

lymphopenia are hallmarks of COVID-19, correlating with disease

severity (11).

As TB and COVID-19 both primarily affect the lungs, and have

overlapping epidemiology and risk factors (12), research into how

COVID-19 infection will affect TB pathogenesis is imperative.

Despite poor characterization, a recent multi-country study found

that TB is frequently diagnosed with or following COVID-19 (13).

However, little is known about the impact of concurrent or prior

COVID-19 infection on inflammatory profiles of TB patients, or

those with other respiratory diseases.
02
A well-studied phenomenon is the suppression of protective

Mtb-specific IFN-g responses by virus-induced type I IFNs during

co-infection. Despite their beneficial role in the anti-viral response,

high levels of type I IFNs impair anti-Mtb Th1 cells and impede

macrophage responsiveness to IFN-g, resulting in decreased

bactericidal activity and increased mortality (14, 15). Importantly

though, the impact of viral infection on TB pathology extends

beyond acute co-infection; prior influenza infection has been shown

to cause immune dysregulation and subsequent enhanced

susceptibility to TB, characterized by increased bacterial load and

impaired treatment response (15).

Several studies have demonstrated that patients with TB and

COVID-19 co-infection had higher morbidity and mortality than

patients with TB or COVID-19 alone (16–18). It has since been

found that co-infected patients have reducedMtb-specific Th1 cells

(19). Therefore, it is reasonable to assume thatMtb and SARS-CoV-

2 infections synergistically lead to poorer outcomes, potentially

through immune dysregulation as found with previous viral-TB co-

infections. Interestingly, emerging clinical and epidemiological data

suggest that COVID-19 infection increases susceptibility to TB (20,

21). Nonetheless, the immunological mechanisms behind these

findings remain unclear, probably due to the novelty of SARS-

CoV-2 and the indistinguishable symptoms of TB and COVID-19,

leading to underreporting of cases. The aim of this study was to

assess the impact of both concurrent (through PCR detection) and

prior (through serology) SARS-CoV-2 infection on the serum

inflammatory cytokine profiles of TB patients and patients with

other respiratory diseases.
Materials and methods

Ethical approval

Ethical approval was obtained from the LSHTM Ethics

Committee and the Gambia Government/MRCG Joint Ethics

Committee (LEO: 21727). Written informed consent was

obtained from all participants; children signed assent forms and

were consented for by their parent or guardian.
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Participants

Adolescents and adults who presented at the MRC clinic in The

Gambia with symptoms suggestive of TB, but prior to

microbiological confirmation, were recruited into the study.

Symptoms included a cough lasting for over two weeks, plus

either fever, malaise, unexplained weight loss, night sweats,

hemoptysis, chest pain, or decreased appetite. Exclusion criteria

included unwillingness to be tested for HIV, pregnant or

breastfeeding women, clinical pallor or other signs of severe

anemia, current systemic steroid use or immunosuppressive

therapy in the past four weeks, and those on TB treatment or

isoniazid preventive therapy currently or in the last 90 days.

Patients who were confirmed to have TB were referred to the

National TB Program for treatment initiation and were followed to

completion of treatment.
Clinical characterization and
sample collection

All patients provided sputum samples, which were analyzed

using GeneXpert Ultra (Cepheid, USA). Patients who tested

positive for Mtb, as well as those who tested negative but received

a clinical TB diagnosis, were referred for anti-TB treatment. The

remaining Mtb-negative participants were classified as having

another respiratory disease (ORD). All patients also had a

nasopharyngeal swab collected at time of enrolment to test for

COVID-19 infection using PCR-based SARS-CoV-2 Xpert Xpress

cartridges (Cepheid, USA). Additionally, serum samples were

collected and tested for anti-SARS-CoV-2 spike protein

antibodies by ELISA or rapid diagnostic test (NowCheck, South

Korea). Those who tested PCR-positive were defined as having

acute COVID-19 co-infection and those who were antibody-

positive (seropositive) were classified as having had prior

COVID-19 infection. Rapid HIV testing was also carried out on

all participants.

Serum samples were collected from all participants at the initial

screening stage and from TB-positive individuals at week 4, 8, 16

and 24 of anti-TB treatment. Samples were stored at -80°C

until analysis.
Quantification of serum cytokines using
multiplex immunoassay

Bio-Plex Multiplex Pro Human Cytokine Assay kits (BioRad,

Belgium) were used for the quantification of 27 different cytokines

in serum samples, according to the manufacturer’s instructions.

Analytes measured were Basic FGF, Eotaxin, G-CSF, GM-CSF,

IFN-g, IL-1b, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,
IL-12, IL-13, IL-15, IL-17, IP-10, MCP-1, MIP-1a, MIP-1b, PDGF-
BB, RANTES, TNF-a and VEGF.

Briefly, frozen samples were thawed overnight and centrifuged

at 600g for 15 minutes at 4°C to remove particulate matter. The
Frontiers in Immunology 03
assay beads were vortexed and diluted to 1x in assay buffer, and 50ml
was added to each well. Next, 50ml of undiluted serum samples were

added, along with 50ml of reconstituted standards, controls and

blanks, and the plate was incubated on a shaker (at 850 ± 50 rpm)

for 30 minutes. The wells were then incubated with 25ml of 1x
diluted detection antibodies for 30 minutes and 50ml of 1x diluted

streptavidin-phycoerythrin for 10 minutes. Washes were performed

after each step. Finally, the beads were resuspended and shaken in

125ml of assay buffer. The plate was read using the Bio-Plex 200

System. Cytokine concentrations were calculated based on the

standard curves generated for fluorescence intensity vs pg/mL.

Standards and controls were run in duplicate.
Statistical analysis

Cytokine concentration values below the limit of detection (out

of range (OOR<)) were replaced with half the minimum expected

standard concentration for the respective cytokine. Similarly, those

OOR> were substituted with 2X the top standard. Statistical analysis

was performed using GraphPad Prism version 8.4.1 (Software

MacKiev, USA). Baseline study group comparisons were

performed using two-tailed Mann-Whitney tests. For the

longitudinal analysis, a Kruskal-Wallis test was used, with Dunn’s

multiple comparisons test to analyze differences between

timepoints. Statistical significance was defined as a p-value of ≤

0.035 after adjusting for false discovery rate.
Results

Participant demographics and
clinical features

161 participants were included in our study. Of these, 68

(42.2%) were diagnosed with TB, either microbiologically (n=62)

or clinically (n=6), and 93 (57.8%) were diagnosed with an ORD.

The ORD diagnoses mainly consisted of infection (44%), allergy

(40%) or chronic lung disease (7%). Participants were further

divided according to COVID-19 PCR and serology results. 49%

of PCR-negative TB patients and 65% of PCR-negative ORD

patients were seropositive for COVID-19; thus, to avoid any

influence on results, these participants were excluded from the

PCR-negative groups. Likewise, PCR+ participants were excluded

from seropositive and seronegative cohorts for analyses (see

Supplementary Figure 1 for participant flowchart).

The median age [interquartile range (IQR)] of TB patients was

29.5 years [23-39], while in ORD patients, it was 32 [25-44]

(p=0.0967). Notably, 83.8% of TB patients were male, whereas

only 53.8% of ORD patients were male (p<0.0001). Seropositive

TB patients were significantly younger than seronegative, with

median [IQR] ages of 26 [21-34] and 36 [27-43] years,

respectively (p=0.0025). However, there were no other significant

differences in age, sex ratio or proportion of HIV+ individuals

between comparison groups (Table 1).
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Baseline serum cytokine levels in TB and
ORD patients

To compare baseline inflammation levels in TB and ORD

patients, we first analyzed the difference in serum cytokine

concentrations between the two groups, regardless of COVID-19

status (Figure 1A). Of the 27 cytokines analyzed, four were

differentially expressed in TB and ORD participants. Levels of G-

CSF (p=0.0109), IL-1ra (p<0.0001), IP-10 (p<0.0001) and PDGF-
Frontiers in Immunology 04
BB (p=0.0005) were all found to be significantly lower in ORD

patients, compared to those with TB.

Analysis of serum cytokine levels in TB and
ORD patients with concurrent COVID-
19 disease

To determine the impact of acute COVID-19 co-infection, we

first compared serum cytokine levels in co-infected (PCR+; n=5)
B

A

FIGURE 1

(A) Baseline serum cytokine concentrations in TB and ORD patients. Scatter plots illustrate the distribution of serum concentrations (pg/mL) of G-
CSF, IL-1ra, IP-10 and PDGF-BB in the TB (n=68) and ORD (n=93) cohorts. Median concentrations are depicted as solid lines. Comparisons were
performed using Mann-Whitney tests. (B) Serum cytokine concentrations in TB patients with (PCR+) and without (PCR-) concurrent COVID-19.
Scatter plots illustrate the distribution of serum IL-8, IL-13, TNF-a and IP-10 concentrations (pg/mL) within PCR- (n=24; green) and PCR+ (n=5;
pink) TB cohorts. Medians are represented by solid lines. Comparisons were performed using Mann-Whitney tests.
TABLE 1 Participant Demographic Characteristics.

TB ORD

PCR + PCR - Sero + Sero - PCR + PCR - Sero + Sero -

n 5 24 39 24 8 25 60 25

Median age [IQR]
23.0

[20-38]
36.0

[27-43]
26.0

[21-34]
36.0

[27-43]
37.5

[30-45]
32.0

[24-45]
31.5

[25-43]
32.0

[24-45]

Males, n (%)
5

(100)
21

(87.5)
31

(79.5)
21

(87.5)
6

(75.0)
13

(52.0)
32

(53.3)
13

(52.0)

HIV, n (%) 0 2 (8.3) 0 2 (8.3) 0 4 (16.0) 2 (3.3) 4 (16.0)

Mtb-confirmed, n (%)
4

(80.0)
20

(83.3)
38

(97.4)
20

(83.3)
– – – –
fron
n, sample size; IQR, interquartile range; HIV, Human Immunodeficiency Virus; Mtb, Mycobacterium tuberculosis; TB, Tuberculosis; ORD, other respiratory disease; PCR, Polymerase Chain
Reaction for SARS-CoV-2 antigens; Sero, serology test for SARS-CoV-2 antibodies.
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and mono-infected (PCR-; n=24) TB patients. IL-8, IL-13, TNF-a
and IP-10 showed trends towards lower levels in COVID+ TB

patients, compared to those with TB alone (Figure 1B); however,

statistical significance was not reached. Notably, the decrease in

median IL-13 from 0.53pg/mL [IQR: 0.37-1.29] in the TB-only

group to 0.50pg/mL [0.17-0.53] in the TB/COVID-19 group had the

lowest p-value (p=0.1050). No differences were observed between

ORD patients with (PCR+; n=8) and without (PCR-; n=25) acute

COVID-19 infection.
COVID-19 seropositivity is associated with
reduced serum cytokine levels in
TB patients

Serum cytokine levels were next compared in TB patients who

had prior SARS-CoV-2 infection (Sero+; n=39) to those who hadn’t

(Sero-; n=24), at the time of TB diagnosis. Interestingly, we found

consistently decreased cytokine and chemokine levels in TB patients

with prior COVID-19 (Figure 2).

Serum concentrations of G-CSF (p=0.0126), IL-1b (p=0.0022),

IL-4 (p=0.0003), IL-7 (p=0.0003), IL-8 (p=0.0179), IL-13

(p=0.0009), IP-10 (p=0.0126) and TNF-a (p=0.0166) were all

significantly lower in SARS-CoV-2 seropositive TB patients
Frontiers in Immunology 05
compared to seronegative. Notably, the decreases in median IL-4

(2.04 [1.6-2.6] vs 1.20 [0.9-1.7]), IL-7 (9.55 [2.9-16.4] vs 1.89 [1.3-

7.2]) and IL-13 (0.53 [0.4-1.3] vs 0.17 [0.2-0.5]) concentrations (pg/

mL) were highly significant (p<0.001). Median serum

concentrations of differentially expressed cytokines and their

corresponding p-values are displayed in Supplementary Table 1.

The remaining cytokines were either undetectable in the majority of

participants, such as IFN-g, or were not significantly impacted by

COVID-19 serostatus, such as IL-1ra.
Decreased serum cytokine concentrations
in ORD patients with prior COVID-19

Serum cytokine levels were then compared in ORD patients

with (Sero+; n=60) and without (Sero-; n=25) evidence of prior

SARS-CoV-2 infection, and four cytokines were found to be

significantly lower in seropositive ORD patients: IFN-g
(p=0.0002), IL-1b (p=0.0040), IL-7 (p=0.0204) and TNF-a
(p=0.0240) (Figure 3). In particular, the decrease in median IFN-g
from 0.3pg/mL [0.3-1.6] in the seronegative group, to 0.3pg/mL

[0.3-0.3] in patients with prior COVID-19 was highly

significant (p<0.001).
FIGURE 2

Serum cytokine concentrations in TB patients with (Sero+) and without (Sero-) prior SARS-CoV-2 infection. Scatter plots represent the distribution of
serum cytokine concentrations (G-CSF, IL-1b, IL-4, IL-7, IL-8, IL-13, IP-10, TNF-a) (pg/mL) within SARS-CoV-2 Sero+ (n=39; orange) and Sero-
(n=24; green) TB patient cohorts. Medians are displayed as solid lines. Comparisons were performed using Mann-Whitney tests.
frontiersin.org
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COVID-19 infection alters cytokine
normalization during TB treatment

To investigate the influence of COVID-19 on response to TB

treatment, serum cytokine levels were longitudinally measured in

TB patients with (Sero+; n=39) and without (Sero-; n=24) prior

SARS-CoV-2 infection, throughout six months of anti-TB

treatment. IL-1ra concentrations decreased from screening to

month 6 of treatment in both SARS-CoV-2 seronegative

(p=0.0004) and SARS-CoV-2 seropositive (p=0.0003) TB patients

to a similar degree (Figure 4). Of note, in the seropositive TB group,

IL-1ra levels were also significantly lower than screening at month 2

(p=0.0008) and month 4 (p<0.0001; data not shown) of treatment.

When SARS-CoV-2 seropositive and seronegative TB patients

were compared at month 2 of treatment, both IL-4 (p=0.0325) and

IL-7 (p=0.0058) remained lower in seropositive patients compared

to seronegative. At month 6 (treatment endpoint), three cytokines

were found to be significantly lower in SARS-CoV-2 seropositive
Frontiers in Immunology 06
TB patients than seronegative: Basic FGF (p=0.0115), IL-1b
(p=0.0326) and IL-8 (0.0021) (Figure 5).
Discussion

Despite the global importance of both TB and COVID-19, little

is known about the immunopathology underlying their interaction.

In this study, we investigated the impact of prior (seropositive) or

concurrent (PCR+) COVID-19 infection on the serum

inflammatory cytokine profiles of patients with TB and those with

ORD. To our knowledge, this is the first study to characterize the

impact of prior COVID-19 on host inflammatory markers in TB or

ORD patients. Remarkably, we found consistently reduced cytokine

expression in TB and ORD patients with prior SARS-CoV-2

infection, suggesting that COVID-19 has a long-term impact on

the sub s equen t r e sponse t o bo th TB and non-TB

respiratory diseases.
FIGURE 3

Serum cytokine levels in ORD patients with (Sero+) and without (Sero-) prior SARS-CoV-2 infection. Scatter plots represent the distribution of serum
cytokine concentrations (IFN-g, IL-1b, IL-7 and TNF-a) (pg/mL) within SARS-CoV-2 Sero+ (n=60; light blue) and Sero- (n=25; dark blue) ORD patient
cohorts. Medians are represented by solid lines. Comparisons were performed using Mann-Whitney tests.
FIGURE 4

Serum IL-1ra levels in TB patients with (Sero+) and without (Sero-) prior SARS-CoV-2 infection throughout TB treatment. Longitudinal scatter plots
illustrate the distribution of serum IL-1ra concentration (pg/mL) within SARS-CoV-2 Sero- (n=24; green) and Sero+ (n=39; orange) TB patient
cohorts. Medians are represented by lines. (** p<0.001 *** p<0.0001). A Kruskal-Wallis test was used to analyze trends in cytokine distributions, with
Dunn’s multiple comparisons to test for differences between timepoints.
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TB patients with acute COVID-19 had lower levels of IL-8, IL-

13, TNF-a and IP-10 compared to those with TB alone, although

these trends did not reach significance. Research has shown

upregulation of these cytokines in both TB and COVID-19

pat ients re la t ive to hea l thy contro ls , sugges t ing an

immunoregulatory effect of co-infection (22–24). These results

support a previous finding that COVID-co-infected patients had

reduced Mtb-specific T-cells, as IL-13, TNF-a and IP-10 are

produced by Th1/Th2 cells in TB (19, 25). Consistently, a recent

study found lower Th1- and Th2-associated cytokines, including

IP-10, in co-infected patients compared to TB-only patients (26);

however, a concomitant rise in innate inflammation was reported,

which we did not see. Differences in baseline inflammation and

pathogen genetics may explain this discrepancy, as their

participants were mostly from a non-endemic setting. Moreover,

SARS-CoV-2 seropositive participants were excluded from our TB-

only group to provide a clean comparison against COVID+ TB

patients. Nonetheless, our study was limited by a small sample size
Frontiers in Immunology frontiersin.or07
in the co-infected group, so larger numbers are needed to achieve

significance and confirm our preliminary findings. Of note, IP-10 is

directly induced by IFN-g (22), hence its decrease in co-infection

may indicate regulation by type I IFN, in line with other viral-

microbial co-infections. Future studies should measure both type I

and II IFNs to assess for a negative correlation.

Unexpectedly, we found that TB patients with prior COVID-19

infection had consistently decreased cytokine expression compared

to those without. Only 13% of our participants were vaccinated

against COVID-19, but 66% tested seropositive, hence vaccination

status is unlikely to have influenced serology results. Many of the

cytokines that were downregulated in SARS-CoV-2 seropositive TB

patients are critical in anti-Mtb immunity, such as TNF-a, IP-10
and IL-1b, which coordinate immune cell activation and granuloma

formation (25). COVID-19 infection may therefore impair the

subsequent response to Mtb and increase bacterial burden,

however, it might simultaneously reduce inflammation-associated

lung pathology. Importantly, these findings may indicate an
FIGURE 5

Serum cytokine concentrations in TB patients with (Sero+) and without (Sero-) prior SARS-CoV-2 infection throughout TB treatment. Scatter plots
show the distribution of cytokine concentrations (G-CSF, IL-1b, IL-4, IL-7, IL-8, IL-13, IP-10, TNF-a and Basic FGF) (pg/mL) in SARS-CoV-2 Sero-
(n=24; green) vs Sero+ (n=39; orange) TB patients at months (M) 0, 2 and 6 of TB treatment. Comparisons were performed using Mann-
Whitney tests.
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increased risk of TB disease progression following SARS-CoV-2

infection, supporting preliminary clinical and epidemiological

concerns that COVID-19 increases susceptibility to TB (21),

though, this can only be determined in a longitudinal cohort study.

Several studies have demonstrated immune cell dysregulation

following acute COVID-19 (27, 28). Winheim et al. found that

patients had long-term depletion of dendritic cells and monocytes,

and those that did regenerate were less able to be stimulated (28).

Furthermore, decreases in both naïve and helper T-cells can

reportedly persist for several months post-acute COVID-19 (29,

30). These immunological sequelae provide a plausible explanation

for the reduced cytokine expression observed in our SARS-CoV-2

seropositive TB patients: TNF-a, G-CSF, IL-1b and IL-8 are

produced by myeloid cells in response to Mtb stimulation, and

IP-10, IL-4 and IL-13 are released by T-cell subsets in TB (25).

Interestingly, a recent study found that COVID-19 patients had

elevated serum IFN-b (type I IFN) for up to eight months following

infection, suggesting possible sustained modulation of the IFN-g
response (29). Flow cytometry would provide more insight into the

characteristics of cytokine-producing cells in SARS-CoV-2

seropositive TB patients.

COVID-19 seropositivity was also associated with reduced pro-

inflammatory cytokine expression in patients with non-TB

respiratory diseases. Consistent with our findings in TB patients,

prior COVID-19 led to reduced levels of IFN-g, IL-1b, IL-7 and TNF-
a in ORD patients. This may reflect that the same immune cells were

impacted by prior SARS-CoV-2 infection, further supporting that

COVID-19 causes a long-lasting distinct type of immune

dysregulation. However, several markers that were downregulated

in seropositive TB patients were not affected by seropositivity in ORD

patients, including IP-10, IL-4 and IL-13. TB patients had higher

baseline IP-10 than ORD patients, implying IP-10 is more relevant in

the TB response and thus impacted to a greater degree. Though,

baseline IL-4 and IL-13 levels were similar in TB and ORD cohorts.

Both cytokines can be released by granulocytes in ORDs such as

allergic asthma, which according to Winheim et al., were not affected

by COVID-19 (28, 31). Nonetheless, our study was limited by a lack

of characterization of ORDs. It would therefore be interesting for

future studies to distinguish the impact of prior COVID-19 on

infectious versus non-infectious respiratory diseases.

Having established that prior COVID-19 alters immune profiles

in TB patients, we went on to investigate whether this influenced the

immune response to TB treatment. Both SARS-CoV-2 seronegative

and seropositive TB patients showed a decline in IL-1ra over the six-

month treatment period. This trend indicates immune restoration

due to a reduced bacterial load and has been associated with a good

treatment response (32, 33). However, at month six, IL-1b and IL-8

remained lower in SARS-CoV-2 seropositive TB patients, along

with Basic FGF, which is known to increase in response to

treatment (34). It is therefore clear that COVID-19 exerts long-

lasting regulatory effects, which may delay resolution of immune

perturbations in TB patients, though the effects appear to lessen

over time. Future studies should monitor Mtb load to determine if

these changes negatively impact clinical treatment response.

Although cytokines are reliable biomarkers of the immune

response, our study was limited to unstimulated serum samples.
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A step forward would be to assess cytokine responses following TB/

COVID-19 antigen stimulation to elucidate disease-specific changes

and to identify any functional impairment. Moreover, future

analyses should involve multivariable logistic regression to define

cytokine signatures of difference. Correlation of cytokine profiles to

clinical data, such as bacterial burden and chest x-ray score, will

help to test hypotheses generated in this study, and to determine the

clinical implications of our findings. Of note, it is well-established

that the impact of COVID-19 on the immune system worsens with

severity of acute infection (27), but this data was not available for

our study. In addition, the described period of COVID-19 antibody

waning is 6-8 months, so seronegative patients may have had

COVID-19 outside of this timeframe (35). Our results warrant

further studies to stratify SARS-CoV-2 seropositive patients based

on date and severity of infection. This would shed more light on the

determinants of the impact of prior COVID-19 on TB and ORD

patients. It would also be interesting to assess the longevity of the

functional impairment that we observed, to ascertain whether the

effect is transient or long-term.

In conclusion, we have shown that past SARS-CoV-2 infection

is associated with markedly reduced serum cytokine levels in both

TB and ORD patients. SARS-CoV-2 seropositivity may therefore be

used to anticipate reduced cytokine responses in these individuals.

Our results provide evidence to suggest that COVID-19 may lead to

an impaired response to TB and ORDs. Future work to determine if

this increases risk of relapse or TB disease progression will be

important in ascertaining the long-term impact of COVID-19 on

Mtb immunity.
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13. Tadolini M, Codecasa LR, Garcıá-Garcıá JM, Blanc FX, Borisov S, Alffenaar JW,
et al. Active tuberculosis, sequelae and COVID-19 co-infection: first cohort of 49 cases.
Eur Respir J (2020) 56:2001398. doi: 10.1183/13993003.01398-2020

14. Berry MP, Graham CM,McNab FW, Xu Z, Bloch SA, Oni T, et al. An interferon-
inducible neutrophil-driven blood transcriptional signature in human tuberculosis.
Nature (2010) 466:973–7. doi: 10.1038/nature09247

15. Redford PS, Mayer-Barber KD, McNab FW, Stavropoulos E, Wack A, Sher A,
et al. Influenza A virus impairs control of Mycobacterium tuberculosis coinfection
through a type I interferon receptor-dependent pathway. J Infect Dis (2014) 209:270–4.
doi: 10.1093/infdis/jit424

16. TB/COVID-19 Global Study Group. Tuberculosis and COVID-19 co-infection:
description of the global cohort. Eur Respir J (2022) 59:2102538. doi: 10.1183/
13993003.02538-2021

17. Gupta N, Ish P, Gupta A, Malhotra N, Caminero JA, Singla R, et al. A profile of a
retrospective cohort of 22 patients with COVID-19 and active/treated tuberculosis. Eur
Respir J (2020) 56:2003408. doi: 10.1183/13993003.03408-2020

18. Mollalign H, Chala D, Beyene D. Clinical features and treatment outcome of
coronavirus and tuberculosis co-infected patients: A systematic review of case reports.
Infect Drug Resist (2022) 15:4037–46. doi: 10.2147/IDR.S370837

19. Riou C, du Bruyn E, Stek C, Daroowala R, Goliath RT, Abrahams F, et al. Relationship
of SARS-CoV-2-specific CD4 response to COVID-19 severity and impact of HIV-1 and
tuberculosis coinfection. J Clin Investig (2021) 131:e149125. doi: 10.1172/JCI149125

20. Al-Kayali RS, Kashkash MF, Alhussein Alhajji AH, Khouri A. Activation of
tuberculosis in recovered COVID-19 patients: a case report. Ann Med Surg (Lond)
(2023) 85:280–3. doi: 10.1097/MS9.0000000000000188

21. Kumwichar P, Chongsuvivatwong V. COVID-19 pneumonia and the
subsequent risk of getting active pulmonary tuberculosis: a population-based
dynamic cohort study using national insurance claims databases. EClinicalMedicine
(2023) 56:101825. doi: 10.1016/j.eclinm.2023.101825

22. Xiong W, Dong H, Wang J, Zou X, Wen Q, Luo W, et al. Analysis of plasma
cytokine and chemokine profiles in patients with and without tuberculosis by liquid
array-based multiplexed immunoassays. PloS One (2016) 11:e0148885. doi: 10.1371/
journal.pone.0148885
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1292486/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1292486/full#supplementary-material
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2022
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2022
https://doi.org/10.1016/j.eclinm.2020.100603
https://doi.org/10.1128/microbiolspec.GPP3-0022-2018
https://doi.org/10.1038/nri3259
https://doi.org/10.3892/etm.2018.5775
https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1038/s41590-021-01091-0
https://doi.org/10.1038/nri3787
https://doi.org/10.1038/s41590-022-01174-6
https://doi.org/10.1016/j.smim.2021.101508
https://doi.org/10.3389/fmed.2021.740593
https://doi.org/10.1183/13993003.01398-2020
https://doi.org/10.1038/nature09247
https://doi.org/10.1093/infdis/jit424
https://doi.org/10.1183/13993003.02538-2021
https://doi.org/10.1183/13993003.02538-2021
https://doi.org/10.1183/13993003.03408-2020
https://doi.org/10.2147/IDR.S370837
https://doi.org/10.1172/JCI149125
https://doi.org/10.1097/MS9.0000000000000188
https://doi.org/10.1016/j.eclinm.2023.101825
https://doi.org/10.1371/journal.pone.0148885
https://doi.org/10.1371/journal.pone.0148885
https://doi.org/10.3389/fimmu.2023.1292486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cottam et al. 10.3389/fimmu.2023.1292486
23. Sudbury EL, Otero L, Tebruegge M, Messina NL, Seas C, Montes M, et al.
Mycobacterium tuberculosis-specific cytokine biomarkers for the diagnosis of
childhood TB in a TB-endemic setting. J Clin Tuberc Other Mycobact Dis (2019)
16:100102. doi: 10.1016/j.jctube.2019.100102

24. Guo J, Wang S, Xia H, Shi D, Chen Y, Zheng S, et al. Cytokine signature
associated with disease severity in COVID-19. Front Immunol (2021) 12:681516.
doi: 10.3389/fimmu.2021.681516

25. Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. Cytokines and
chemokines in mycobacterium tuberculosis infection. Microbiol Spectr (2016) 4(5).
doi: 10.1128/microbiolspec.TBTB2-0018-2016

26. 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 J Infect Dis (2023) 130 Suppl 1:S34–42. doi: 10.1016/j.ijid.2023.03.021

27. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and functional
exhaustion of T cells in patients with coronavirus disease 2019 (COVID-19). Front
Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827

28. Winheim E, Rinke L, Lutz K, Reischer A, Leutbecher A, Wolfram L, et al.
Impaired function and delayed regeneration of dendritic cells in COVID-19. PloS
Pathog (2021) 17:e1009742. doi: 10.1371/journal.ppat.1009742

29. Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, Patel SK, et al.
Immunological dysfunction persists for 8 months following initial mild-to-moderate
Frontiers in Immunology 10
SARS-CoV-2 infection. Nat Immunol (2022) 23:210–6. doi: 10.1038/s41590-021-
01113-x

30. Putri DU, Huang CK, Ou TY, Lin CF, Lee MC, Hung CS, et al. Persistent
dysregulation of cellular immunity following COVID-19 recovery despite minimal
post-COVID-19 sequelae manifestation. J Infect (2023) 86:486–8. doi: 10.1016/
j.jinf.2023.02.025

31. Pelaia C, Heffler E, Crimi C, Maglio A, Vatrella A, Pelaia G, et al. Interleukins 4
and 13 in asthma: key pathophysiologic cytokines and druggable molecular targets.
Front Pharmacol (2022) 13:851940. doi: 10.3389/fphar.2022.851940

32. Clifford V, Tebruegge M, Zufferey C, Germano S, Forbes B, Cosentino L, et al.
Mycobacteria-specific cytokine responses as correlates of treatment response in active
and latent tuberculosis. J Infect (2017) 75:132–45. doi: 10.1016/j.jinf.2017.04.011

33. Nouhin J, Pean P, Madec Y, Chevalier MF, Didier C, Borand L, et al. Interleukin-
1 receptor antagonist, a biomarker of response to anti-TB treatment in HIV/TB co-
infected patients. J Infect (2017) 74:456–65. doi: 10.1016/j.jinf.2017.01.016

34. Sariko M, Maro A, Gratz J, Houpt E, Kisonga R, Mpagama S, et al. Evaluation of
cytokines in peripheral blood mononuclear cell supernatants for the diagnosis of
tuberculosis. J Inflammation Res (2018) 12:15–22. doi: 10.2147/JIR.S183821

35. Bayart JL, Douxfils J, Gillot C, David C, Mullier F, Elsen M, et al. Waning of igG,
total and neutralizing antibodies 6 months post-vaccination with BNT162b2 in
healthcare workers. Vaccines (Basel) (2021) 9:1092. doi: 10.3390/vaccines9101092
frontiersin.org

https://doi.org/10.1016/j.jctube.2019.100102
https://doi.org/10.3389/fimmu.2021.681516
https://doi.org/10.1128/microbiolspec.TBTB2-0018-2016
https://doi.org/10.1016/j.ijid.2023.03.021
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1371/journal.ppat.1009742
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1016/j.jinf.2023.02.025
https://doi.org/10.1016/j.jinf.2023.02.025
https://doi.org/10.3389/fphar.2022.851940
https://doi.org/10.1016/j.jinf.2017.04.011
https://doi.org/10.1016/j.jinf.2017.01.016
https://doi.org/10.2147/JIR.S183821
https://doi.org/10.3390/vaccines9101092
https://doi.org/10.3389/fimmu.2023.1292486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The impact of prior SARS-CoV-2 infection on host inflammatory cytokine profiles in patients with TB or other respiratory diseases
	Introduction
	Materials and methods
	Ethical approval
	Participants
	Clinical characterization and sample collection
	Quantification of serum cytokines using multiplex immunoassay
	Statistical analysis

	Results
	Participant demographics and clinical features
	Baseline serum cytokine levels in TB and ORD patients
	Analysis of serum cytokine levels in TB and ORD patients with concurrent COVID-19 disease
	COVID-19 seropositivity is associated with reduced serum cytokine levels in TB patients
	Decreased serum cytokine concentrations in ORD patients with prior COVID-19
	COVID-19 infection alters cytokine normalization during TB treatment

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


