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Editorial on the Research Topic

Innate and adaptive immunity against tuberculosis infection: diagnostics,
vaccines, and therapeutics

Tuberculosis (TB) remains one of the major causes of infectious disease mortality to
this day. According to the latest “Global Tuberculosis Report” released by WHO, there were
10.6 million new cases and 1.3 million deaths in 2022 (1). Thus, TB remains the world’s
most lethal infectious disease, only being surpassed by COVID-19 during the 2019-
2021 pandemic.

TB is caused by the acid-fast bacillus Mycobacterium tuberculosis (Mtb), which was
identified by Robert Koch in 1882. One of the fundamental pillars to reduce the spread of
Mtb infection is accurate and rapid diagnostics. The current TB diagnostics include culture,
smear, GeneXpert MTB/RIF (Xpert), interferon-gamma release assays (IGRAs), imaging
examination, etc. However, the traditional detection of growth in bacterial cultures is time-
consuming; the sensitivity of acid-fast staining-based smear diagnostic is low; Xpert is
expensive and impractical for widespread clinical use in developing countries although it is
rapid and sensitive; IGRAs cannot distinguish between asymptomatic latent TB infection
and active TB disease; and the specificity of imaging examination is low (2-4). Thus, the
diagnosis of TB remains challenging. In this editorial, firstly, we introduce a Research Topic
that include a number of studies that investigated novel diagnostic methods in the diagnosis
of TB and several review papers that focused on different topics and indicated directions for
future research.

The antigens ESAT-6/CFP10 (EC), which are Mtb-specific proteins and are absent in
BCG strains, have been widely used as Mtb-specific stimulators in IGRA diagnosis. In a
prospective cohort study, Yuan et al. enrolled 357 patients to evaluate the sensitivity and
specificity of this EC skin test, which was performed by intradermal injection of
recombinant EC proteins. Their data showed that the sensitivity and specificity of the
EC skin test for patients were 71.52% and 65.45%, based on the clinical reference standards.
Phat et al. investigated the expression of lipid-related genes during anti-TB chemotherapy
through a targeted and knowledge-based approach, to evaluate the potential use of lipid-
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related genes as prognostic biomarkers of treatment responses.
Their data showed that transcriptomic signatures of lipid-related
genes were associated with the immune responses, and might be
useful for treatment prognosis and TB diagnosis. Ashenafi et al.
explored the peripheral inflammatory immune profiles of different
TB patient sub-groups based on disease severity, anemia, and
radiological performance of lung diseases. The Bio-Plex Magpix
multiplex assays were used to detect cytokines in plasma and cell
culture supernatants from whole blood stimulation with the EC
antigens that were used in the IGRA assay. Their data suggest that
inflammatory immune profiles were related to the clinical disease
severity, and the top-ranked inflammatory mediators might be used
as biomarkers of TB disease severity and treatment monitoring.

Gumbo et al. evaluated the performance of currently available
immunological assays, including QFT, tuberculin skin test (TST),
and Xpert Ultra, on detecting M. bovis infection in leopards
(Panthera pardus), an African big cat population. Their
preliminary results showed that TST might be a suitable tool to
identify M. bovis-infected leopards, and the Xpert Ultra provided
rapid detection of infected leopards. Corréa et al. selected a set of
candidate genes previously described to be associated with
pulmonary TB and evaluated their transcriptional signatures in
clinical samples from a Brazilian cohort of pleural TB patients. As a
result, three genes (CARD17, GBP2, and CIQB) showed promise in
discriminating pleural TB from other causes of exudative
pleural effusion.

Wang et al. summarized the current studies demonstrating the
functions of exosomes, including miRNA, circRNA, and protein, in
Mtb infection, and discussed the potential values of exosomes as
biomarkers to be used in TB diagnosis and treatment monitoring.
The potential usage of exosomes in blood-based diagnostics of TB is
anticipated but will need to be optimized in future studies. Another
review written by Huang et al. systematically reviewed the development
and clinical evaluation of proposed CRISPR-based technology in TB
diagnostics, and they gave constructive suggestions on improving
sample pretreatment, method development, and clinical validation of
the current assays to enhance their development and translation. The
booming development of CRISPR-based technology has the potential
to overcome the weaknesses of current TB diagnostics and simplify
sample collection by using blood or fecal specimens to give
accurate results.

As the only licensed TB vaccine, immunization of M. bovis
Bacille Calmette-Guérin (BCG) in infancy offers protection against
the aggressive childhood forms of the disease including meningeal
and miliary TB (5). However, its protective efficacy against TB
diseases ranges from 0% to 80% in adolescents and adults (6),
leading to increased morbidity among these populations (7). Thus,
the lack of an optimal TB vaccine is believed to be one of the crucial
barriers to global TB control, and a more effective TB vaccine is
required, particularly in adolescents and adults (8). In this editorial,
secondly, we summarized several studies/reviews that investigated/
summarized next-generation vaccine design against TB, which aims
to accelerate TB vaccine research.

Kim et al. systematically described five hurdles they think
should be overcome to develop more effective TB vaccines, and
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then discussed the current knowledge gaps between preclinical and
clinical studies regarding peripheral versus tissue-resident immune
responses, different individual conditions, and correlates of
protection (COP) findings. Finally, they proposed that the recent
discoveries on TB risk/susceptibility-related factors could be
utilized as novel biomarkers or COP, for better evaluating/
predicting vaccine-induced protection against Mtb infection,
which will facilitate the novel TB vaccine development process.
Zhang et al. summarized recent progress in subunit protein vaccines
against TB research. The development of bioinformatics and
structural biology techniques has greatly facilitated the screening
and optimization of protective Mtb antigens during the past
decades, and the design of multistage subunit vaccines containing
multiple antigens in different growth stages of Mtb will somewhat
overcome the shorting comings of limited antigen numbers in
subunit vaccines.

The development of novel adjuvants will further improve the
immunogenicity of subunit vaccines. The family of proteins Pro-
Glu motif-containing (PE) and Pro-Pro-Glu motif-containing
(PPE) account for as much as 10% of the genome of Mtb, which
has been found to play crucial roles in pathogenesis and persistent
infection. Guo et al. reviewed the immunological regulation effects
of PE/PPE proteins and the development of PE/PPE family
proteins-based novel TB vaccines, including protein-based, virus
vector-based, and recombinant BCG vaccines. The current studies
suggest that the PE/PPE family of proteins is a highly active and
promising recent area research of for TB vaccines. Garcia-Bengoa
et al. explored the immunogenicity and protection efficacy against
Mtb infection of three PE/PPE proteins, PE18, PE31, and PPE26. As
a result, all three proteins are immunoreactive in TB patients,
IGRA-positive latent infected close contacts, and BCG-vaccinated
healthy controls. The three antigens also induced antigen-specific
T-cell immune responses and antibody responses in PBMCs and
bronchoalveolar lavage in murine models. However, these antigens
did not show protection in a low-dose murine aerosol Mtb infection
model. Marques-Neto et al. evaluated a recombinant BCG vaccine
encoding LTAK63 (an adjuvant that genetically detoxified a
derivative of the subunit A from E. coli heat-labile toxin) in
murine models. Their data showed that this novel vaccine
induced robust and long-term Th1/Th17 T-cell immune response
in the draining lymph nodes and the lungs, which was responsible
for the increased protection post-Mtb infection six months
after immunization.

As an intracellular bacterium, Mtb colonizes inside cells, thus,
the host inflammatory and adaptive cellular immune responses, as
well as the basic cellular physiologic mechanisms play important
roles in the establishment of Mtb infection and progression of TB
diseases (9, 10). In this editorial, thirdly, we summarized several
studies that focus on deciphering host immune profiles against Mtb
infection which might facilitate the anti-TB host-directed
therapeutics research.

Tuberculous pleural effusion (TPE) is characterized by an influx
of immune cells to the pleural space and was regarded as an
appropriate platform for dissecting complex tissue responses
against Mtb infection. Yang et al. employed a single-cell RNA
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sequencing study using ten pleural fluid samples from six patients
with TPE and four without TPE including two from patients with
transudative pleural effusion and two from patients with malignant
pleural effusion, and a distinct local immune response was observed.
During the process of Mtb infection, the levels of major acute phase
protein serum amyloid A (SAA), increase up to 100-fold in the
pleural fluids. However, the stimulating effects of SAA on
macrophages that have not yet been in contact with mycobacteria
have not been discovered yet. Kawka et al. evaluated the functional
responses of human monocyte-derived macrophages under
elevated SAA conditions using RNA-seq assays. Their data
suggest that the presence of SAA during Mtb infection elevates
the innate (MHC-I engagement of natural killer cells) and adaptive
(MHC-I through peptides presented to cytotoxic T cells and MHC-
II) immune responses induced by macrophages. Kumar et al. found
that the incidence of bovine TB reactors is higher in crossbred than
indigenous cattle in India, which was associated with several innate
immunological factors. Their data provided a reason for adopting
an appropriate crossbreeding policy that balances production and
disease-resistance traits for sustainable livestock farming.

Taken together, these manuscripts published within this
Research Topic provide novel information on the innate and
adaptive immunity against TB infection. With more advanced
knowledge, we are hopeful that more accurate diagnostics and
more effective vaccines/therapeutics against Mtb infection will be
achieved in the near future.
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Background: The recombinant mycobacterium tuberculosis fusion protein
ESAT6-CFP10 skin test (ECST) is a novel test for tuberculosis (TB) infection;
however, its accuracy in active tuberculosis (ATB) remains uncertain. This study
aimed to evaluate the accuracy of ECST in the differential diagnosis of ATB for an
early real-world assessment.

Methods: This prospective cohort study recruited patients suspected of ATB in
Shanghai Public Health Clinical Center from January 2021 to November 2021.
The diagnostic accuracy of the ECST was evaluated under the gold standard and
composite clinical reference standard (CCRS) separately. The sensitivity,
specificity, and corresponding confidence interval of ECST results were
calculated, and subgroup analyses were conducted.

Results: Diagnostic accuracy was analyzed using data from 357 patients. Based
on the gold standard, the sensitivity and specificity of the ECST for patients were
72.69% (95%Cl 66.8%-78.5%) and 46.15% (95%Cl| 37.5%-54.8%), respectively.
Based on the CCRS, the sensitivity and specificity of the ECST for patients
were 71.52% (95%Cl 66.4%-76.6%) and 65.45% (95%Cl| 52.5%-78.4%),
respectively. The consistency between the ECST and the interferon-vy release
(IGRA) test is moderate (Kappa = 0.47).

Conclusion: The ECST is a suboptimum tool for the differential diagnosis of
active tuberculosis. Its performance is similar to IGRA, an adjunctive diagnostic
test for diagnosing active tuberculosis.

Clinical trial registration: http://www.chictr.org.cn, identifier ChiCTR20000
36369.
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1 Introduction

In 2021, ~10.6 million people worldwide were newly infected
with tuberculosis (TB), whereas the number of newly diagnosed TB
was only 6.4 million (1). To achieve the World Health
Organization’s goal of ending TB by 2035, it is essential to screen
and diagnose TB. Until now, the detection methods for diagnosing
TB are limited. Tuberculin skin test (TST) and interferon-yrelease
(IGRA) test are the main methods for screening TB; TST has poor
specificity and IGRA 1is expensive and requires specialized
laboratory conditions. Therefore, a new diagnostic method with
high specificity and low cost is urgently needed.

Recombinant Mycobacterium tuberculosis fusion protein
ESAT6-CFP10 (EC) skin test was made from the recombinant
Mpycobacterium tuberculosis fusion protein obtained by
Escherichiacoli after fermentation, isolation, and purification (2,
3). Compared with the IGRA test, the ESAT6-CFP10 skin test
(ECST) is performed by intradermal injection of recombinant
ESAT6-CFP10 antigen. The EC test solves the false-positive
problem after BCG vaccination and combined the advantages of
the TST and the high specificity of IGRA detection. At present, EC
(trade name: YiKa) has obtained the national first-class new drug
and completed clinical trials on April 23, 2021.

The sensitivity, specificity, and safety of diagnostic reagents are
concerns in clinical diagnosis. The sensitivity, specificity, and safety
of ECST were evaluated by phase I, II, and III clinical trials before
marketing. However, phase III clinical trial participants were strictly
screened and did not include those with underlying diseases and
comorbidities. Owing to the lack of ECST results in TB patients
with comorbidities, this study aimed to evaluate the accuracy and
safety of the ECST in tertiary hospitals to assess its value in the
diagnosis of ATB and provide data support for the subsequent
large-scale post marketing re-evaluation.

2 Methods
2.1 Study design and participants

A prospective cohort study was conducted in Shanghai Public
Health Clinical Center from January 2021 to November 2021. All
participants suspected pulmonary TB (PTB) were consecutively
recruited from inpatient services. Including routine laboratory
examinations, each participant would receive IGRA (T-SPOT.TB.
Oxford, UK.) and ECST. The results were compared by statistical
analysis. The primary outcome of this study was a comparison of the
diagnostic accuracy of ECST and T-SPOT.TB assays for active TB. The
secondary outcomes included the consistency between the two assays,
the diagnostic yields in different subgroups, and the safety of ECST.

2.2 Study procedure

From January to November 2021, the accuracy of the ECST was
evaluated in the Tuberculosis Department of Shanghai Public
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Health Clinical Center. All participants underwent an IGRA test
and then an ECST (Figure 1). The transverse and longitudinal
diameters of skin erythema and/or induration at the injection site
were measured in millimeters at different time points. Skin
erythema was defined as visible red discoloration of the skin at
the injection site, and induration was measured by palpation of the
forearm. Systemic and local adverse events were recorded within 72
h of injection. Systemic and local adverse events, such as rash, pain,
and itching, and adverse reactions such as anaphylactic shock, local
tissue ulcer, local necrosis and liquefaction, systemic allergic rash,
systemic urticaria, and allergic purpura, were observed and
recorded. An adverse event was defined as any adverse event in a
patient who underwent the ECST.

2.3 Statistical analysis

ECST results were expressed as the number of millimeters of the
transverse and longitudinal diameters of erythema or induration at
the forearm injection site at 48-72 h after the ECST injection. The
results were based on the redness or induration, and the average
diameter of the reaction (sum of the horizontal and vertical
diameters divided by 2) was not less than 5 mm. Those with
blisters, necrosis, and lymphangitis were strongly positive.

IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY,
USA) was used as a statistical tool. The clinical diagnosis results and
bacteriological results were taken as reference standards to calculate
the sensitivity and specificity of the EC reagent and IGRA detection,
draw the ROC curve, and assess the consistency between the ECST
and the IGRA test. The chi-square test was used to compare
categorical variables, and the t-test was used to analyze
continuous variables. 95% Confidence intervals were calculated
based on bilateral distribution. All statistical tests were two-tailed,
with P < 0.05 as the significant difference.

2.4 Case definitions and inclusion/
exclusion criteria

Active PTB patients were diagnosed in concordance with the
diagnostic standard by the National Health Commission of the
People’s Republic of China (4), The following criteria will increase
the possibility for making a PTB diagnosis: (1) house-hold
tuberculosis contact in the prior 3 months, (2) fever or cough for
more than two weeks, weight loss or failure to gain weight in the
previous 3 months, (3) a positive tuberculin skin test or interferon-y
release assay result, (4) a chest radiograph suggestive of TB. (5)
effective anti-tuberculosis treatment, (6) smear positive on
respiratory tract specimen with/without positive culture or xpert
assay. Patients who met the above criteria were bacteriologically
confirmed TB, patients who met 1-5 criteria except the sixth
criterion were clinically diagnosed TB. Microbiological reference
standard of PTB was defined as the gold standard.

Suspected pulmonary TB cases were defined as those who
aroused a suspicion of pulmonary TB but for whom a clinical
diagnosis and decisions were not made.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1162177
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yuan et al.
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n=446
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Not eligible n=39
® 24 participants had no informed consent.
® 15 participants were hospitalized repeatedly.

397 participants were screened for
eligibility

397 participants were subjected to
ESAT6-CFP10 skin

A4

50 participants had no IGRA test.

357 participants had results of EC
test and IGRA test

® Follow-up on day 2or 3

® Reading of EC skin test

FIGURE 1
Study flow diagram

Non-TB is a patient who does not meet the criteria for the
clinically diagnosed tuberculosis.

The inclusion criteria were as follows: (1) age > 6 months, (2)
suspected tuberculosis, and (3) willing to provide written
informed consent.

The exclusion criteria were as follows: (1) pregnancy or
lactation, (2) children with congenital immunodeficiency, (3) HIV
infection, (4) live vaccination or biological agent within 4 weeks, (5)
previous mental illness or cognitive dysfunction, and (6) other
circumstances that the researcher considered unsuitable for
the experiment.

3 Results
3.1 Participant characteristics

A total of 446 patients were screened for this study, excluding 24
who were unwilling to sign the informed consent form, 15 with
repeated admissions, and 50 without IGRA test results. All the
enrolled patients were suspected TB, and 50 of them did not have
IGRA test results. These 50 patients were TST-positive and did not
want to be tested for IGRA. A total of 357 patients underwent the
EC skin and IGRA tests, of which 302 were clinically diagnosed with
TB and 55 were not diagnosed with TB. There were 247 male and
110 female patients. The youngest and older patients were 2 and 94
years old, respectively. The mean age was 51.50 and 54.00 years old
in the TB and non-TB groups, respectively, and no significant
difference was noted between the two groups (P = 0.96). The mean
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body mass index values of the two groups were 20.87 and 20.78 kg/
m?, respectively, and no significant difference was found between
the two groups (P = 0.13) (Table 1).

3.2 Sensitivity and specificity of the ECST

Based on the gold standard, 227 patients comprised the TB
group and 130 made up the non-TB group. The sensitivity of the
ECST was 72.69% (66.8%-78.5%), the specificity was 46.15%
(37.5%-54.8%), and the AUCgc was 0.59. The sensitivity and
specificity of IGRA were 86.34% (81.8%-90.8%) and 36.15%
(27.8%-44.5%), respectively, and the AUC;gra was 0.61 (Table 2).

Based on composite clinical reference standard (CCRS), 302
patients had TB and 55 patients do not have TB. The sensitivity of
the ECST was 71.52% (66.4%-76.6%), the specificity was 65.45%
(52.5%-78.4%), and the AUCgc was 0.69. The sensitivity and
specificity of the IGRA test were 85.10% (81.1%-89.1%) and
60.00% (46.6%-73.4%), respectively, and the AUCigra was 0.73
(Table 3, Figure 2).

3.3 Subgroup analysis

In the baseline analysis, a history of TB was statistically different
between the TB group and the non-TB group (Table 1). After the
subgroup analysis, the sensitivity of the ECST was 72.73% (66.7%-
77.7%), the specificity was 73.17% (59.0%-87.3%), and the AUCgc
was 0.73. The sensitivity and specificity of the IGRA test were
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TABLE 1 Clinical characteristics of the participants in the tuberculosis and non-tuberculosis groups.

P value
Age, years (IQR) 51.50 (31.0-65.0) 54.00(27.00-68.00) 0.96
Female, sex, n. (%) 96(31.79) 14(25.5) 0.35
BMI, mean (kg/mz) 20.87 + 3.52 20.78 + 4.19 0.13
Cancer, n. (%) 8 (2.64) 3 (5.45) 0.49
Hypertension, n. (%) 62 (20.53) 9 (16.36) 0.48
Diabetes, n (%) 57 (18.87) 9(16.40) 0.66
Hyperlipemia, n (%) 6 (1.98) 2 (3.64) 0.79
Liver disease, n (%) 46 (15.23) 11 (20.00) 0.38
Nephropathy, n (%) 22 (7.28) 6 (10.91) 0.52
Anemia, n (%) 25 (8.28) 4(7.27) 1.00
Connective tissue disease, n. (%) 6 (1.98) 1(1.82) 1.00
Bacteriological diagnosed tuberculosis, n(%) 161 5 0.00
Extrapulmonary tuberculosis 69 0(0.00) 0.00
Pass infected tuberculosis n. (%) 4 (0.01) 14(25.5) 0.00

TABLE 2 Comparison of the accuracy of the ECST and IGRA tests in patients with bacteriological diagnosed tuberculosis.

Sensitivity (%) 95%CI Specificity (%) 95%Cl
ECST 72.69 66.8-78.5 46.15 37.5-54.8 0.59
- 62 60
+ 196 83
IGRA 86.34 81.8-90.8 36.15 27.8-44.5 0.61
- 31 47

TABLE 3 Comparison of the accuracy of the ECST and IGRA tests in patients with clinically diagnosed tuberculosis.

Result TB (n) Not TB (n) Sensitivity (%) 95% ClI Specificity (%) 95%(Cl

ECST 71.52 66.4-76.6 65.45 52.5-78.4 0.69
- 86 36
+ 257 22

IGRA 85.10 81.1-89.1 60.00 46.6-73.4 0.73
- 45 33

85.57% (81.6%-89.6%) and 68.29% (53.4%-83.2%), respectively,
and the AUC;gra was 0.77 (Table 4).

Considering that patient age may affect the sensitivity and
specificity of the EC skin and IGRA tests, analyses of different age
groups were performed. The sensitivity and specificity of the ECST
were 88.00% and 72.73%, in patients aged 0-18 years, 77.44% and
73.33% in patients aged 19-52 years, 68.57% and 72.73% in patients
aged 52-65 years, and 58.11% and 50.00% in patients aged 65-94 years,
respectively (Table 5). The sensitivity and specificity of the IGRA test
were 88.00% and 81.82% for patients aged 0-18 years, 90.98% and
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53.33% for patients aged 19-52 years, 81.43% and 54.55% for those
aged 52-65 years, and 77.03% and 55.56% for those aged 65-94 years,
respectively (Table 6). The ROC curves were drawn for participants of
different ages (Figure 3), 36 patients were between 0 and 18 years old,
and the AUCgc and AUC;gra were 0.80 and 0.85, respectively.
Moreover, 148 patients were 19-52 years old, and the AUCgc and
AUC;gra were 0.75 and 0.72, respectively. In addition, 81 patients were
52-65 years old, and the AUCgc and AUC gra were 0.71 and 0.68,
respectively. There were 92 patients aged 65-94, and the AUCgc and
AUCgra were 0.54 and 0.66, respectively (Tables 5, 6).
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TABLE 4 Comparison of the accuracy of ECST and IGRA tests in newly diagnosed TB.

Result TB(n) Not TB(n) Sensitivity (%) 95%Cl Specificity (%) 95%Cl

ECST 72.73 67.7-77.7 73.17 59.0-87.3 0.73
- 84 30
+ 255 13

IGRA 85.57 81.6-89.6 68.29 53.4-83.2 077
- 43 28

TABLE 5 Comparison of the accuracy of the ECST in patients of different ages with clinically diagnosed tuberculosis.

Result Sensitivity (%) 95% Cl Specificity (%) 95%Cl
+ 22 3

0-18 88.00 74.3-101.7 72.73 41.3-104.1 0.80
- 3 8
+ 103 4

19-52 77.44 70.2-84.6 73.33 48.0-98.7 075
- 30 11
+ 48 3

52-65 68.57 57.4-79.7 72.73 41.3-104.1 0.71
- 22 8
+ 43 9

65-94 58.11 46.6-69.6 50.00 24.4-75.6 0.54
- 31 9

TABLE 6 Comparison of the accuracy of IGRA test in patients of different ages with clinically diagnosed tuberculosis.

Sensitivity (%) 95% Cl Specificity (%) 95% ClI

0-18 88.00 74.3-101.7 81.82 54.6-109.0 0.85
- 3 9
+ 121 7

19-52 90.98 86.0-95.9 53.33 24.7-81.9 0.72
- 12 8
+ 57 5

52-65 81.43 72.1-90.8 54.55 19.5-89.6 0.68
- 13 6
+ 57 8

65-94 77.03 67.2-86.8 55.56 30.1-81.0 0.66
- 17 10

3.4 Consistency of EC skin and IGRA tests

In all patients, the kappa value of the ECST and the IGRA test
was 0.47. Consistency analysis was conducted for patients with TB
at different sites, and the kappa values were 0.29 and0.54 in patients
with TB and simple extrapulmonary TB, respectively. The kappa
values of different age groups were 0.66, 0.46, 0.40 and 0.35.

3.5 Safety evaluation of the ECST

Grade 3 and 4 adverse reactions were not observed. A total of 33
(9.24%) patients had grade 1-2 adverse reactions, and the most
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common complaints were pain and pruritus at the injection site.
Among them, 18 were men and 15 were women. Local adverse
reactions occurred in two children, 14 patients aged 19-44 years, 16
patients aged 45-74 years, and 1 patient aged >74 years.

4 Discussion

In China, suspected pulmonary TB patients with complex
conditions, comorbidities, and uncertain diagnoses often seek
treatment in tertiary hospitals. Since China is an area with high
prevalence of Mycobacterium tuberculosis, the proportion of people
with Mycobacterium tuberculosis infection among non-TB patients
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FIGURE 2
Receiver operating characteristic curves of the ECST and IGRA tests in patients with clinically diagnosed tuberculosis.
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FIGURE 3

Receiver operating characteristic (ROC) curves of the ECST and IGRA tests in patients of different ages. (A) ROC curves for EC skin and IGRA tests in
patients aged 0—18 years. (B) ROC curves for EC skin and IGRA tests in patients aged 19-52 years. (C) ROC curves for EC skin and IGRA tests in
patients aged 52-65 years. (D) ROC curves for EC skin and IGRA tests in patients aged 65-94 years.

may be as high as 20%. If the patient is combined with
immunocompromised status or other special diseases, such as
silicosis, end-stage renal disease, HIV infection, etc., the risk of
tuberculosis infection will be even higher. These patients may yield
positive ECST results despite no active TB, theoretically. Therefore,
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we tested the differential diagnostic value of ECST in
environment with many interfering factors (a real-world setting),
and this can be viewed as a stress testing of ECST. In this study, all

an

patients underwent ECST. In a previous phase III clinical trial, we
demonstrated the consistency and safety of ECST in healthy

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1162177
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yuan et al.

individuals and patients with TB. In the present clinical trial, we
focused on evaluating the accuracy of ECST in the differential
diagnosis of active TB in tertiary specialized hospitals.

The study showed no significant difference in the sensitivity of
ECST among patients with bacteriological diagnosed TB (72.69%),
clinically diagnosed TB (71.52%), and newly diagnosed TB
(72.73%). Meanwhile, the specificity of ECST in clinical diagnosis
was 65.45%; however, in the subgroup, the specificity of the ECST in
newly diagnosed TB was 73.17%, which indicated that the
diagnostic efficacy was higher after excluding TB history. The
specificity of the IGRA test in this trial was comparable, i.e.,
60.00% vs. 68.29%, which is similar to the result of a previous
study in which the specificity of the IGRA test was lower in patients
with a history of TB than in patients without a history of it (21%
[9%-39%] vs. 63% [55%-71%], P = 0.001) (5).

The sensitivity and specificity of Diaskintest were 78.1%-88.9%
and 92.1%-96.4% (6, 7), and that of C-Tb were 73.9% (95% CI 67.8—
79.3) and 99.3%, respectively (8, 9). The ECST produced by Anhui
Zhifeilong Koma Biological Co., Ltd., showed a sensitivity of 87.5%
(77.8%-97.2%) and specificity of 98.4% (95.4%-99.7%) in a phase II b
clinical trial (10). In a phase III clinical trial, the 48-h sensitivity and
specificity of ECST were 90.85% and 89.83%, respectively (11). The
sensitivity and specificity of this test were 71.52% and 65.45%,
respectively. The factors that affect the results of skin tests include
product type, quality, and dose. Infection was related to the immune
status, age, and physical strength of the vaccinated participants.
Moreover, it is related to the inoculation technique by the medical
staff and the evaluation technique of the results. The positive rate of
ECST in this study was low because both stage I and stage IIT were
RCTS, and highly homogeneous participants were selected through a
series of nanoscale criteria. Patients who had a challenging diagnosis
and had more underlying diseases were found in tertiary specialized
hospitals. In this study, most of the hospitalized patients were not first-
time patients, and most of them have atypical TB, or multidrug-
resistant TB, which is difficult to diagnose. Even though all patients had
TB, large individual differences exist and many had complicated
diseases. In this study, the patients mainly had 3-5 diseases, 235
(65.8%) were >45 years old, 71 (19.9%) had hypertension, 66 (18.5%)
had diabetes, and 28 (7.84%) had kidney disease among
common diseases.

In the present study, the AUC value of the ECST was close to that
of the IGRA test (0.59 vs. 0.61), indicating little difference in accuracy.
However, the kappa value was only 0.47, indicating that the critical
value of the ECST set at 5 mm in tertiary specialized hospitals may not
be appropriate and should be further evaluated. In a phase IIb trial, the
consistency of EC skin and IGRA tests was good, possibly because the
left forearm of IIb received 0.1 mL of TB-PPD, and the right forearm
received 0.5 pg/0.1 mL or 1.0 ug/0.1mL in the ECST; however, only 0.1
mL was injected in this trial. The low AUC and kappa values may be
attributed to the different doses of the antigen injected.

In this study, 61 (15.7%) patients had EC-negative and IGRA-
positive findings, including 45/61 (73.8%) patients aged >45 years,
possibly due to aging or immunosuppression, which is consistent
with the conclusion that accuracy decreases with age in the

Frontiers in Immunology

10.3389/fimmu.2023.1162177

subpopulation. The IGRA detection in the present study also
showed a similar trend, consistent with the conclusion in previous
studies that the sensitivity of IGRA detection in patients with
immunocompromised status was lower than that in patients with
normal immune function (53% [29%-76%] vs. 83% [67%-92%], P =
0.045). Therefore, for patients of different ages and different
underlying diseases, especially those with low immunity, 5 mm as
the threshold value may be too general. We also found elder age had
obviously impact on ECST rather than IGRA. By comparing the
results at all ages, the sensitivity of ECST decreased from 88% to
58.11%, while the sensitivity of IGRA detection decreased by only
11%. Age may be an influencing factor. This result may also be due to
the small sample size in the sub group analysis. what’s more, the
specificity of IGRA detection was only 55.56%, which may also be due
to the sample size. Clinical trials with larger sample sizes will be
needed to verify this conclusion.

This study has some limitations. First, immunological test
results may be affected before and after treatment. In real-world
tests, auxiliary diagnosis is usually performed before treatment or
within 2 weeks after treatment. TB screening is reccommended at the
first test or 3 months after the first test. Second, the patients in this
study lacked a TB treatment history for evaluation. Third, as
patients aged <65 years were included in phases II and III,
patients aged >65 years in the present study were not well
compared with previous studies. Fourth, this study did not record
in detail whether the patient had received TST at the first hospital
and whether there was an enhancement effect after receiving the
ECST again. Fifth, the experiment was conducted in the TB
department, where most patients had TB; thus, the proportions of
the TB and non-TB groups were unreasonable. The diagnostic
accuracy and safety of ECST in tertiary specialized hospitals are
average; thus, follow-up studies with larger populations are needed.

5 Conclusion

The ECST is a suboptimum tool for the differential diagnosis of
active tuberculosis. Its performance is similar to IGRA, an
adjunctive diagnostic test for diagnosing active tuberculosis.
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Single-cell profiling reveals
distinct immune response
landscapes in tuberculous
pleural effusion and non-TPE
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Background: Tuberculosis (TB) is caused by Mycobacterium tuberculosis (Mtb)
and remains a major health threat worldwide. However, a detailed understanding
of the immune cells and inflammatory mediators in Mtb-infected tissues is still
lacking. Tuberculous pleural effusion (TPE), which is characterized by an influx of
immune cells to the pleural space, is thus a suitable platform for dissecting
complex tissue responses to Mtb infection.

Methods: We employed singe-cell RNA sequencing to 10 pleural fluid (PF)
samples from 6 patients with TPE and 4 non-TPEs including 2 samples from
patients with TSPE (transudative pleural effusion) and 2 samples with MPE
(malignant pleural effusion).

Result: Compared to TSPE and MPE, TPE displayed obvious difference in the
abundance of major cell types (e.g., NK, CD4+T, Macrophages), which showed
notable associations with disease type. Further analyses revealed that the CD4
lymphocyte population in TPE favored a Thl and Thl7 response. Tumor necrosis
factors (TNF)-, and XIAP related factor 1 (XAF1)-pathways induced T cell
apoptosis in patients with TPE. Immune exhaustion in NK cells was an
important feature in TPE. Myeloid cells in TPE displayed stronger functional
capacity for phagocytosis, antigen presentation and IFN-y response, than TSPE
and MPE. Systemic elevation of inflammatory response genes and pro-
inflammatory cytokines were mainly driven by macrophages in patients with TPE.
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Conclusion: We provide a tissue immune landscape of PF immune cells, and
revealed a distinct local immune response in TPE and non-TPE (TSPE and MPE).
These findings will improve our understanding of local TB immunopathogenesis
and provide potential targets for TB therapy.

KEYWORDS

Mycobacterium tuberculosis, tuberculosis, tuberculous pleural effusion, SCRNA-seq,
local immune response

Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis and
it is one of the leading causes of deaths worldwide. Globally, an
estimated 9.9 million people contracted TB in 2020 with 16%
corresponding to extrapulmonary forms (1). Tuberculous pleurisy
is the second most common form of extrapulmonary TB as well as
the main cause of pleural effusion in many countries (1, 2). The
pathogenesis of tuberculous pleurisy involves intricate cellular and
humoral immune responses (3, 4). Host defense against TB involves
infiltration of peripheral blood mononuclear cells (PBMC) into the
pleural space (5). This leads to accumulation of immune cells such
as lymphocytes and myeloid cells, in the tuberculous pleural fluid
(6). As a result, tuberculous pleurisy provides a good model to study
the correlates of protective immune responses at the site of
infection. However, the mechanism of localized immune response
in the pleural fluid remains elusive.

Based on its pathogenesis, pleural effusion can be divided into
transudative or exudative pleural effusion. Transudative pleural
effusion (TSPE) is caused by systemic factors such as congestive
heart failure and liver cirrhosis (7). Exudative pleural effusion is
mostly caused by diseased pleural surfaces, such as tuberculous
pleural effusion (TPE) and malignant pleural effusion (MPE) (8).
Although TPE and MPE are both characterized as lymphocyte-
predominant exudates (9, 10), other immune cells such as
macrophages, neutrophils and dendritic cells are also present
(11). Immune responses dominate depending on different types of
pleural effusions. Thus, understanding the heterogeneity,
exhaustion, migration and various functional capacity (e.g.,
effector functions, phagocytosis and antigen presentation) of
immune cells in the pleural fluid (PF) from TPE will provide
crucial insights into host anti-Mtb responses at the tissue level.

Cai Y et al. (12) previously described the local T cell immune
landscape in TPE. In Cai’s report, they provide key insights into the
spectrum of T cell heterogeneity at TPE. However, TB is a complex
inflammatory disease with involvement of various immune cell
types besides T cells. Their interactions determine the outcome of
TB infection (13). Currently, a comprehensive study into how
various immune cells interact and the immune response
landscape in Mtb-infected tissues (e.g., TPE) is still lacking.
Additionally, little is known about the immune features of TPE
compared to other pleural effusion like TSPE and MPE.
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Single-cell RNA sequencing (scRNA-seq) is a powerful tool for
dissecting the immune response and analyzing various cell
populations, including cells in complex microenvironments (14,
15). To understand the complex host response to TB and reveal the
distinct features among PFs, we performed scRNA-seq to obtain an
unbiased and comprehensive visualization of immune responses in
pleural fluid mononuclear cells (PEMC) from patients with TSPE,
MPE and TPE. Our analysis provides a high-resolution
immunological landscape of PFMCs in TPE and reveals distinct
response signatures between TPE, TSPE and MPE, facilitating a
comprehensive understanding of protective and pathogenic
immune responses in patients with TPE.

Results

Single-cell transcriptional profiling of
pleural fluid mononuclear cells

Here, we aimed to reveal the immune landscape in pleural fluid
(PF) from patients with tuberculous pleural effusion (TPE). We
collected fresh PF samples from six patients with TPE before anti-
TB treatment (Figure 1A). Four fresh PF samples (non-TPE
samples), including two samples from patients with malignant
pleural effusion (MPE) and two samples from patients with
transudative pleural effusion (TSPE), were used for comparative
analysis (Figure 1A). Thus, the 10 patients were classified into three
clinical conditions: tuberculous pleural effusion (TB, n=6),
transudative pleural effusion (CO, n=2) and malignant pleural
effusion (CT, n=2). The clinical features and laboratory findings
of enrolled patients are provided in Table S1. We then performed
scRNA-seq on these samples (Figure 1A). After filtering (see
Methods), a total of 70,034 cell transcriptomes was retained
across the ten patients, with an average of 5977 unique molecular
identifiers (UMIs), representing 2097 genes (Figures 1B, SI).

Following graph-based clustering of uniform manifold
approximation and projection (UMAP), cells were manually
annotated based on RNA expression and distribution of canonical
cell-type or cell-subtype markers (Figures S2, S3). We identified
nine major cell-types (CD4: CD4+T cells; B: B cells; PB: plasma
cells; CD8: CD8+T cells; MAIT: mucosal-associated invariant T
cells; NK: natural killer cells; DCs: dendritic cells; Mono:
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FIGURE 1
Study design and overall results of single-cell transcriptional profiling of PFs from participants. (A) Schematic diagram of the overall study design. 10
subjects, including 2 patients with transudative pleural effusion (TSPE), 2 patients with malignant pleural effusion (MPE) and 6 patients with tuberculous
pleural effusion (TPE). (B) Bar plot shows the log;q transformed cell number of each sample. Red represents the 6 patients with TPE, grey represents the
2 patients with TSPE, and green represents the 2 patients with MPE. (C) The clustering result of 37 cell subtypes from 10 individuals. Each point
represents one single cell, colored according to cell type. (D) The UMAP projection of the 37 cell subtypes in each of the three conditions. Cells are
colored by the 37 cell subtypes. (E) Disease preference of major cell clusters estimated by Ro/e. (F) Heatmap for g values of ANOVA for disease severity.

monocytes; Macro: macrophages), and 37 subtypes following sub-
clustering. These cells covered various immune cell types in the
respiratory system (Figures 1C, D, S2, 3; Tables S2-7). Most of the
cell-subtypes were identified in multiple TB patients, suggesting
common immune characteristics in TB patients (Figure S5).
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We determined the compositional changes of major immune
cell types in PF. Among PFMCs, 43.25%, 26.58%, 8.8%, 6.55%,
2.45% and 12.28% were CD4, CD8, NK, B, MAIT and myeloid cells
(DCs, Mono and Macro), respectively. Compared to TSPE and
MPE, multiple immune cells from PEMCs were obviously altered in
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TPE. We observed a significant decrease of NK cells in TPE relative
to TSPE, and a relative expansion of CD4"T, B and PB cells
(Figures 1E, S4). In contrast, the relative abundance of DCs,
Mono and Macro significantly increased in MPE compared to
TPE (Figures 1E, S4). We also observed a decreased proportion of
CD4, B, PB and CD8 in MPE compared to TPE (Figures 1E, S4).
These data indicate that the level of major immune cells in TPE
patients (e.g., NK, Mono, Macro) are distinct from non-TPE
patients and might be a promising biomarker to diagnose or
differentiate TPE from non-TPE.

Activation of the Thl and Thl17
response as well as T cell apoptosis
in patients with TPE

Subtyping indicated a high level of diversity within T cells (CD4,
CD8 and MAIT), with 19 different subsets identified (Figure 1C, S3,
S6). All T cell subtypes were present in TPE, TSPE and MPE,
although the relative percentages varied in a disease-dependent
manner (Figure S6). Among the 19 different subtypes, we defined 9
subtypes of CD4 T cells, 9 subtypes of CD8 T cells, and an
additional cluster of MAIT cells (Figures S6A, B; Tables S3, 4).
We next defined CD4 T and CD8 T subsets according to their
expression of classical subtype-specific marker genes and subtype-
specific gene expression patterns (Table S3; Figures S2B, C, S3A, B).
For CD4 T cells, we annotated two naive CD4 T cell subtypes
(CD4_Naive-01 and CD4_Naive-02), one CD4_Memory subset
(CD4_Memory), two Thl subtypes (CD4_Th1-01 and CD4_Thl-
02), two effector memory subsets (CD4_eMemory-GZMA and
CD4_eMemory-GZMK), one CD4 regulatory subtype and one
Th2 subtypes (CD4_Treg) (Figures S2B, S7A, and Table S3). We
observed a relative expansion of four CD4 T subsets (CD4_Naive-
01, CD4_Naive-02, CD4_Memory and CD4_Th1-02) in patients
with TPE compared with patients with TPE and MPE, while a
decreased proportion of CD4_Th1-01 and CD_eMemory-GZMA
were found in patients with TPE (Figure S6). Furthermore, CD4 T
cells in patients with TPE were enriched with activation genes such
as CD69 and IFNG (Figures S7A, S7C). Likewise, we also annotated
9 subtypes of CD8 T cells, including four naive CD8 T cell
subclusters (CD8_Naive-01, CD8_Naive-02, CD8_Naive-03 and
CD8_Naive-04), one proliferative CD8 T subclusters (CD8_Pro)
and 3 effector memory subclusters (CD8_eMemory-01,
CD8_eMemory-02 and CD8_eMemory-03) (Figures 1D, S2C,
S3B, S7B; Table S4). Particularly, CD8 T cell types in patients
with TPE were enriched with activation gene CD69 (Figures
S7B, Q).

Among the CD4 T cell subtypes, Thl cells (CD4_Th1-01 and
CD4_Th1-01) are thought to play crucial role in combating Mtb
infection by secreting important cytokines (e.g., IFN-y and TNEF).
We observed that CD4 T cells were enriched in Th1 gene signatures
(e.g., TBX21, GNLY, BHLHE40, IENG) in patients with TPE
(Figure 2A). Consistently, we also found that the expression of
IFN-y in Thl cells was significantly higher in patients with TPE
than in patients with TSPE and MPE (Figure 2B). This implies that
Th1 cells in TPE are capable of producing high levels of IFN-v.
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These data suggest that the CD4 T cell population in TPE was
skewed towards a Thl response, which is consistent with previous
reports (16, 17). Additionally, a CD8 T cell subtype (CD8_Pro)
displayed significantly higher expression of IFN-y in patients with
TPE (Figure 2B), suggesting that proliferative CD8 T cells might be
another source of IFN-y in TB patients. Besides IFN-y, TNF also
plays an import role in granuloma formation and controlling Mtb
infection by generating reactive nitrogen intermediates together
with IFN-y (18). Therefore, this study also examined its expression
in Th1 cells but it was not significantly upregulated in patients with
TPE compared to patients with TSPE and MPE (Figure S7D). In
addition, CD4 T cells in patients with TPE were enriched in Th17
signature gene such as CCR6, RORA, RORC, IRF4, STAT3 and
IL23R, indicating activation of the Th17 response (Figure 2A). The
above results suggest that CD4 population in TPE favored a Thl
and Th17 response.

In addition to the production of cytokines, T cells, especially
effector T cells, can release cytotoxic molecules (e.g., perforins,
granzymes) to directly kill Mtb, cause apoptosis of target cells and
lead to immunopathology (19). Therefore, we used a cytotoxicity
score to evaluate the cytotoxic state of each effector T cell subtype
across three conditions. Patients with TPE had the lowest
cytotoxicity sores in the effector T cell subsets (Figure 2C)
whereas patients with transudative PE had the highest
cytotoxicity score in the effector CD 8 T cell subsets. For patients
with malignant PE, they had the highest cytotoxicity score for
effector CD4 T cell subsets (Figure S7E). Consistent with these
results, patients with TPE displayed lower expression of cytotoxic
genes than patients with transudative and malignant PE, with the
exception of GNLY (Figure S7F). These results indicate that effector
T cells from patients with TPE might have lower cytotoxicity.

In Mtb infection, CD4 and CD8 T cells are exposed to persistent
Mtb antigens, and this scenario might lead to deterioration of CD4
and CDS8 T cell function: a state named “exhaustion”. Thus, we
tested whether TPE patients with exposure to persistent Mtb
antigen had exhaustion in CD4 and CD8 T cells. According to
the expression of exhaustion response genes and exhaustion
markers, we defined an exhaustion response score and used this
score to evaluate the exhaustion state of each activated T cell subset.
Our scRNA-seq analysis suggested that, at the bulk level, activated T
cells in TPE did not exhibit higher exhaustion scores compared to
TSPE and MPE (Figure 2D). We also did not observe any exhausted
T cells in PF from TPE (Figure S8A). In addition, we also did not
find that activated T cells in PF from TPE highly expressed typical
inhibitory molecules (e.g., PDCD1, LAG3, HAVCR2) (Figure S8B).
These suggest that CD4 and CD8 T cells in PF from TPE might not
undergo exhaustion.

Apoptosis is an important component of pathogen-induced
cell death (20). We next investigated the expression of genes
in apoptosis-related XAF1, TNF and FAS pathways. XAF1 is
involved in pro-apoptotic responses and forms a positive
feedback loop with IRF1 to initiate cell apoptosis under stress
(21). Through post-translational modification, XAF1 is able to
enhance TP53-mediated cell apoptosis (22). The expression of
genes related to XAF1l-mediated cell apoptosis, including XAF1,
IRF1, TP53, BCL2L11, and CASP3, were investigated (Figures S8C,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1191357
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

D). The expression of XAF1 and IRF1 were significantly increased
in T cells from patients with TPE compared to patients with TSPE
and MPE (Figure 2E). Expression of XAF1 was increased in all T
cell subsets in patients with TPE, while IRF1, TP53, BCL2L11, and
CASP3 displayed different patterns in different T cell subsets
(Figures S8C, D). In addition to the XAF1-mediated apoptosis
pathway, the expression of genes in other apoptosis-associated
pathways, including TNF- and Fas-mediated apoptosis, were also
analyzed in T cells. The expression of TNFSF10 and its receptor
TNFRSF10B were upregulated in T cells from patients with TPE
relative to patients with TSPE and MPE (Figure 2F). Another TNF
pathway gene, TNFRSF25, was also increased in T cells of patients
with TPE. For the FAS pathway, the expression of FAS, FASLG,
FADD, TRADD and CASP8 were notably decreased in T cells of
patients with TPE (Figure 2F). Taken together, these results support
the hypothesis that patients with TPE might have increased T-cell
apoptosis due to upregulated genes associated with the XAFI- and
TNF-apoptosis pathways.

10.3389/fimmu.2023.1191357

We also examined the migration state of T cells in patients with
TPE using a migration scoring system (Figure 2G). T cells in
patients with TPE did not exhibit a stronger migration score
compared to patients with TSPE and MPE. In contrast, T cells
from patients with TSPE likely underwent migration as they had the
highest migration score (Figure 2G).

NK cell exhaustion observed in
patients with TPE

Six NK cell subclusters were observed in our scRNA-data
including immature NK cells (iNK), naive NK (NK_naive),
NK_CD56, NK_CD160, memory NK (NK_Memory-CD56) and
proliferative NK cells. (Figures 1D, S2D, S3C, S9). Besides immature
NK cells, the other five NK subclusters in patients with TPE showed
high expression of activation and/or cytotoxic genes. This includes
naive NK cells (GNLY, GZMB, PRF1, KLRD1, CTSW), NK_CD56
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Characterization of gene expression differences in CD4* and CD8'T cells across three conditions. (A) UMAP plots of mean gene expression from Thl
(Top) and Th17 (Bottom) gene signatures, split by condition. (B) Box plots showing the IFNG expression in CD4_Th1-01, CD4_Th1-02 and CD8_Pro
subset per condition. (C) Box plots showing the cytotoxicity scores in effector T cells across different conditions. (D) UMAP plots of exhaustion response
scores and exhaustion scores in activated T cells, split by condition. (E) Box plots showing XAF1 and IRF1 expression in T cells across each condition.

(F) Dot plots showing the expression of selected apoptosis-associated genes in T cells across each condition. (G) Box plots of leukocyte migration
scores in T cells across different conditions. Student’s T-test was applied to test significance in (B,C, E, G) *p<0.05, ****p<0.0001.
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(LAG3, BHLHEA40, S100A11 and CTSW), NK_CD160 (PRF1,
GNLY, GZMK, KLRB1, CTSW, CST7), memory NK cells (LAG3,
KLRK1, S100A11, CTSW, KLRD1, KLRK1) and NK_Pro (GNLY,
GZMA, GZMB, NKG7, CTSW, etc.) (Figures 1D, 3A, S2D, S9;
Table S5).These data indicate the presence of an activated NK cell
response as a distinct feature in patients with TPE. Three NK cell
subclusters (iNK, NK_naive and NK_Pro) had an increased trend in
patients with TPE, while a decrease trend was observed for
NK_CD56, NK_CD160 and NK_Memory-CD56 (Figure S9F). In
addition, we found that NK cells from patients with TPE had high
expression of tissue-resident NK (rNK) cell markers such as CD69,
CXL1 and XCL2, but low expression of circulating NK cell markers
(cNK) (FCGR3A, FGFBP2 and SPON2) (Figure 3A). In contrast,
NK cells from transudative PE had high expression of cNK markers
(Figures 3A, S10A). This suggests a predominance of rNK cells in
TPE and a predominance of ¢NK cells in transudative PE.

We then applied PAGA (partition-based graph abstraction) to
analyze the global connectivity and potential trajectory topology in
the NK cell state transitions. Our data revealed that several nodes

10.3389/fimmu.2023.1191357

showed the high connectivity between NK cell subclusters, implying
that these nodes represent potential trans-differentiation bridges
(Figure 3B). The proliferative NK subcluster (NK_Pro) seemed to
be an intermediate state, which connected immature and naive NK
cells to all other subclusters (NK_Memory-CD56, NK_CD56 and
NK_CD160). In addition, we also observed high connectivity
between NK_Memory-CD56 and NK_CD56 and between
NK_Memory-CD56 and NK_CD160 (Figure 3B). This suggests
that NK_Pro might serve as an intermediate subcluster, which
could be valuable for therapeutic strategies targeting this
intermediate state.

Similar to Thl cells, the NK cells also can produce anti-
IFN-y and TNF). IFN-y and
TNF in NK cells were significantly downregulated in TPE

Mtb-associated cytokines (e.g.,

comparing to TSPE, but upregulated relative to MPE (Figure 3C).
Furthermore, NK cells, which contribute to anti-Mtb host defense
through cell-related cytotoxicity, exhibited lower cytotoxicity
scores in TPE compared to TSPE, with the lowest cytotoxic
score in MPE (Figure S10B). These data results suggest that
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FIGURE 3

Characterization of gene expression differences in NK cells across three conditions. (A) Dot plots showing the expression of selected genes in each
NK cell subtype per condition. (B) PAGA analysis of NK cell pseudo-time: the associated cell type is shown. (C) Box plots of the expression of IFNG,
TNF and cytotoxicity scores in NK cells per condition. (D) Heatmap plots of the expression of selected exhaustion associated genes in NK_memory,
NK_CD56 and NK_CD160 cells per condition. (E) Box plots showing the apoptotic scores in NK cells and subtypes per condition. (F) Heatmap plots
of HLA-II molecules in NK cells per condition. (G) Heatmap plots of HLA-I molecules in NK cells per condition. Student’s T-test was applied to test

significance in (A-E). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, "p>0.05.
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lower levels of IFN-y, TNF and cytotoxicity scores in NK cells
from patients with TPE may lead to ineffective immune response
to Mtb infection. Furthermore, the dysfunctional NK response in
patients with TPE and MPE might be related to immune
exhaustion, and thus we sought to explore the potential sources
of NK exhaustion in patients with TPE.

We observed a significant increase in expression of exhaustion
response genes and exhaustion markers in NK_Memory,
NK_CD56 and NK_CD160 cells from patients with TPE (Figure
S10C). This includes high expression of multiple inhibitory
receptors such as PDCD1, LAG3, HAVCR2, BTLA, CDI160,
CTLA4 and TIGIT (Figure 3D). In contrast, patients with TSPE
displayed the lowest exhaustion response scores and exhaustion
scores in these three NK subclusters (Figure S10C). These results
indicate that NK_Memory, NK_CD56 and NK_160 cells might be
functionally impaired in patients with TPE.

10.3389/fimmu.2023.1191357

We also further investigated the apoptosis and migration of NK
cells. Significant activation of apoptosis pathways were observed in
NK cells from TPE, with four subsets (NK_Naive, NK_CD160,
NK_Memory and NK_Pro) exhibiting higher apoptotic scores in
patients with TPE than patients with TSPE and MPE (Figure 3E).
Genes associated with the XAF1-, TNF- and Fas-apoptosis
pathways (e.g., TNFSF10, FADD, XAF1 and CASP8) were
upregulated in NK cells from patients with TPE, suggesting that
these pathways might cause the increased NK cell apoptosis
observed in patients with TPE. This study did not find significant
activation of NK migration in TPE relative to TSPE and MPE
(Figure S10E), implying that NK cells in TPE did not undergo
migration. In addition, we observed that genes encoding HLA class
II molecules (e.g., HLA-DMB, HLA-DPA1, HLA-DPB1) and HLA
Class I (HLA-A, HLA-C and HLA-G) were highly expressed in NK
cells from patients with TPE compared to patients with transudative
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UMAP1

Characterization of gene expression differences in myeloid cells across three conditions. (A) The UMAP projection of the 6 myeloid cell subtypes
across three conditions. Cells are colored by the 6 myeloid cell subtypes. (B) Box plots showing the phagocytosis and antigen presentation scores in
monocytes across three conditions. (C) Box plots showing the phagocytosis, antigen presentation and HLA-II molecule scores in macrophages
across three conditions. (D) Box plots of the expression of apoptosis-related genes in macrophages across three conditions. (E) Heatmap showing
the expression of selected genes in macrophages across three conditions. (F) UMAP plots showing mean gene expression of interferon-gamma
response gene signatures in macrophages, split by condition. Student's T-test was applied to test significance in (B—D). *p<0.05, **p<0.01,

***p<0.0001, "p>0.05.
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and malignant PE (Figures 3F, G). The upregulation of HLA class II
molecules is important for various pathways (e.g., promote
crosstalk between NK cells and DCs).

Features of myeloid cells in patients
with TPE

Transcriptome analysis of myeloid cells identified 4 DC subsets,
1 monocyte subset and 1 macrophage subset (Figures 4A, 1D, S11B,
S11; Table S6). pDCs play an important role in microbial sensing
and secrete type I interferons (IFNs) in response to microbial
infection (4). Our scRNA-seq analysis found that pDCs from TPE
highly expressed microbial recognition receptors like TLR7 and
TLRY, and interferon production-related genes such as IRF1, IRF7,
IRF8, PACSINI and DERL3 (Figure S11B). IRF1 and IRF5 are
important for expression of type I IFNs in DCs and had high
expression in pDCs from TPE (Figure S11B). CCR7, as a key
chemokine receptor in pDCs, is upregulated upon exposure to
TLR ligands, and we observed increased expression of CCR7 in TEP
relative to transudative and malignant PE (Figure S11B). In
addition, the percentage of pDCs was significantly increased in
patients with TPE compared to patients with TSPE and MPE
(Figure S11). These results suggests that pDCs in TPE may be
involved in anti-Mtb response.

In contrast, the percentage of mDCs was significantly decreased
in TPE relative to TSPE and MPE, and comprised of ~10% of all
myeloid cells in TPE (Figure S11). However, mDC from TPE had
relative low expression of the Fc epsilon receptor gene FCERIA.
This may reflect variation in mDC states between different PFs.
mDC, which specializes in antigen processing, play a crucial role in
the interface between innate and adaptive immunity. Our analysis
suggests that mDCs from TPE had a relatively high expression of
HLA-DR molecules, which are essential for antigen presentation
(Figure S11B). In addition, the high expression of these HLA class II
genes validated that the mDCs cluster was activated. In addition,
genes involved in mDCs development such as RELB, RBPJ, IRF2
and IRF4, were highly expressed in mDCs from TPE (Figure S11B).
Genes associated with neutrophil activation were expressed at high
levels in mDCs from TPE, while genes related to the
proinflammatory response such as CCL3, CCL5 and CXCL8 were
expressed at lower levels in mDCs from TPE compared to TSPE and
MPE (Figure S11B). These data showed that mDCs from TPE might
also have a positive role in anti-Mtb, and a minor contribution to
the proinflammatory response. In addition to mDC and pDC, we
observed two subsets corresponding to DC1 (DC_01: CLEC9A,
CADMI, CAMK2D) and DC5 (DC_02: LYZ, PPP1R14A) dendritic
cell types defined previously (Figures 1, S11) (23). Similar to the
results observed in mDCs, DC_01 and DC_02 had a relatively high
expression genes associated with HLA-DR molecules, neutrophil
activation and DCs development (Figure S11B), implying that these
DC subsets may also contribute to anti-Mtb.

We also investigated TPE-related differences in monocyte
composition. Comparing the relative cell proportions in patients
with TSPE and MPE, we observed a notable decrease in monocytes
in patients with TPE (Figure S11). This cluster highly expressed
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S100A family genes (e.g., SI00A8, SI00A9) in patients with TPE
and MPE, which are characteristic markers of human myeloid-
derived suppressor cells (24). This suggests that monocytes may
contribute to immune paralysis in TB and tumor patients (Figure
S11B). In addition, monocytes from TPE had relatively high
expression of cell proliferation genes (e.g., EIF5A), IFN-inducible
genes (e.g., ISG15, MX1, MX2), antigen presenting genes (e.g.,
HLA-DRA, HLA-DQA1, HLA-DPBI1, CD74) and component 1q
genes (e.g., C1QA, C1QB and C1QC) (Figure S11B), suggesting that
monocytes might play an important role in anti-TB infection. In
particular, monocytes from TPE indicated greater functional
capacity, including phagocytosis and antigen presentation, than
TSPE and TPE (Figures 4B, S12A), as evidenced by the high
expression of phagocytosis-related genes and HLA-II components
(Figure S12A).

We also identified a macrophage subset (Macro: LYZ, CST3,
CD68, CD163) (Figures 1D, S11B), which had a notable increase in
patients with TPE relative to patients with TSPE and MPE (Figure
S11). Macrophages can engulf Mtb through a series of membrane
invagination, budding and fusion events, leading to the formation of
the phagosome (25). Thus, we first analyzed the phagocytosis
capacity of macrophages, and found that macrophages in patients
with TPE indicated greater phagocytosis capacity than patients with
TSPE and MPE (Figure 4C). We observed significant increased
expression of phagocytosis-associated genes (e.g., ARF6, RAC2,
PRKCE, VAV2) in macrophages from TPE (Figure S12B). After
phagocytosis, macrophages can deliver these materials for antigen
processing and presentation to activate T cells and the adaptive
immune response against Mtb. Hence, we also investigated the
antigen presentation capacity of macrophages, and observed that
macrophages from TPE exhibited higher antigen presentation
capacity than TSPE and MPE (Figure 4C). Compared to TSPE
and MPE, macrophages from TPE highly expressed antigen
presentation-associated genes (e.g., CITA, RFX5, B2M, HLA-F,
HLA-DQA2, TAP1) (Figure S12C). MHC class II molecules,
which play an important role in antigen presentation, were
significantly upregulated in macrophages from TPE relative to
TSPE and MPE (Figures 4C, S12C). Furthermore, macrophage
apoptosis, which releases apoptotic vesicles carrying Mtb antigens
to Mtb-uninfected DCs, can result in more effective antigen
presentation (26). Genes associated with the TNF-, Fas- and
XAFl-apoptosis pathways (e.g., TNFSF10, TNFSF12, FAS,
CASP8, XAF1) were upregulated in macrophages from patients
with TPE, suggesting an increase in macrophage apoptosis in
patients with TPE (Figures 4D, S12E). In addition, the activation
of macrophages can result in secretion and production of various
cytokines and chemokines, which attracts NK, T cells, neutrophils,
and more DC and macrophages to the Mtb-infection site. Genes
encoding cytokines and chemokines (TNF, CCL1, CCL2, CXCL9,
etc) were upregulated in patients with TPE compared to patients
with transudative and malignant PE (Figure 4E). To further
examine the anti-Mtb immune responses of macrophages, we also
investigated the expression of genes belonging to the Gene
Ontology (GO) biological process term: response to interferon
(IFN)-gamma in macrophages. We found that response to IFN-y
was significantly upregulated in macrophages from TPE compared
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to transudative and malignant PE (Figures 4F, S12D). These results
indicate that macrophages in patients with TPE displayed strong
anti-Mtb response.

Features of B cells in patients with TPE

A comprehensive analysis of both cellular and humoral
immunity could contribute to a better understanding of the
immune response to TB. Currently, less is known about the role
of B cell-mediated immunity in protection against Mtb-infection.
Therefore, we analyzed the scRNA-seq result of B cells in the
immune response to Mtb. A total of 6 B cell subclusters were
identified according to classical B cell markers including Naive B
cell (Naive_B), Germinal center B cell (GB_B), Intermediate
transition Memory B cell (iMemory_B), IGHA expressing plasma
cell IGHA_PB), IGHM expressing plasma cell (IGHM_PB) and
IGHB expressing plasma cell IGHG_PB) (Figures 1, S2, S13; Table
S7). We then examined the compositional changes of the 6
categories of B cells in PE. Naive_B, GB_B and iMemory_B did
not show significant changes among patients with TPE, TSPE and
MPE (Figure S13). However, plasma cell clusters may be associated
with different PE conditions. Using pseudo-time analysis, we
observed that plasma cells appeared to be derived from memory
state B cell (iMemory_B) (Figure S14A). The percentage of
IGHM_PB and IGHG_PB reached ~15% and showed an
increased trend in patients with TPE (Figure S13). In contrast, for
IGHA-PB, it was highest in patients with malignant PE, reaching
~20% (Figure S13). These data suggest that increased IGHM and
IGHG plasma cells appears to be a feature of TPE.

Next, we examined the transcriptomic changes of B and PB cells
(Figures 5, S13) in TPE, TSPE and MPE. Plasma cells highly expressed
genes encoding the constant regions of immunoglobulin G1 (IgG1),
IGHA1, IGHG2, IGHG4 and IGHM (Figure 5A), indicating their
function in the secretion of antigen-specific antibodies. Plasma cells
from TPE had a higher expression of Ig signature genes (IGHGI,
IGHG2, IGHG3, IGHG4, IGHA1, IGHA2, IGHM) than TSPE and
TPE (Figure 5B). Naive_B from TPE were also enriched with key
activation genes (e.g, CD69, IL21R, PAX5, BACH2 and HLA-DRA,
etc.) (Figure 5C). Likewise, GC_B and iMemory_B also highly
expressed their activation markers in TPE (GC_B for CD69, MKI67,
HLA-DRBI, BACH2, and iMemory_B for TBX21, XBP1, IRF4, HLA-
DRA) (Figure 5C). These results suggest that B/plasma cell-activation-
associated pathways, such as somatic hypermutation, class switching,
expansion and antibody production, were enriched in patients with
TPE, implying that B/plasma cells from TPE may be activated for
immune response to TB.

Previous reports have documented that B cell cytokines play an
important in modulating T cell responses against intracellular
bacteria while this has not been investigated in Mtb infection (27).
We examined the key genes encoding representative cytokines in B
cells, which are involved in T cell differentiation, expansion, and
anti-Mtb response. Our data indicate that B cells from TPE were
enriched with IL6, IL10, IL-12A and TNF (Figure S14B).

Frontiers in Immunology

10.3389/fimmu.2023.1191357

Additionally, B cells are able to capture and internalize antigens
via surface immunoglobulins, and then present these antigens on
their surface as MHC II:peptide complexes to CD4 cells (especially
to prime naive CD4 T cells) (28). Thus, we analyzed the antigen
presentation capacity of B cells in PF, and found that all B cell
subsets from TPE displayed significantly higher antigen presenting
capacity than transudative and malignant PE (Figures 5D, S14C). B
cells from TPE highly expressed various presentation-associated
genes (e.g., LGMN, CIITA, PFX5, TAP2, PSMEI, TAPI, etc.)
(Figure S14D). MHC molecules, especially MHC II, were
significantly upregulated in B cells from TPE relative to TSPE
and MPE (Figure 5E). These findings indicate that B cells from
TPE might contribute to protection against Mtb-infection. In
addition, we observed that apoptosis-associated genes (e.g. FAS,
XAF1, TNFESFI10, etc.) were upregulated in TPE compared to TSPE
and MPE, implying that B cells in TPE likely underwent
apoptosis (Figure 5F).

Macrophages are the main drives of
inflammation in TPE

We next explored the potential sources of cytokine
production in TPE. Using the reported inflammatory response
genes and cytokine genes (Table S9) (15), we defined an
inflammatory score and a cytokine score. Both scores were then
used to assess the potential contribution to inflammation for each
cell type. Macrophages were identified with significantly higher
inflammatory and cytokine scores based on our scRNA-seq data
from TPE samples (Figures 6A, B, S15A). This suggests that
macrophages might be major sources of inflammation in TPE.
Although the percentage of macrophages only reached ~ 3% in
TPE (Figure 1E), the inflammatory and cytokine scores of
macrophages reached 90% in TPE (Figure 6C) and were
significantly higher than other cells (Figure 6D), further
validating this cell type as inflammatory cells. In addition,
five cell types, including B, CD8, MAIT, PB and NK cells, had
higher inflammatory scores in TPE but their cytokine scores
showed no difference compared to TSPE and MPE (Figure S15A).
This suggest that these cell types may also contribute to
inflammation response in TPE.

We then investigated the inflammatory signatures for pro-
inflammatory macrophages in TPE. Our scRNA-seq data showed
that macrophages in TPE had high expression of various pro-
inflammatory cytokines (e.g., CCL2, CCL3, CXCL3, CCLS, IL1B,
etc.) (Figures 6E, F, S15B) indicating various mechanisms leading to
inflammation. The top 15 most highly expressed proinflammatory
cytokines contributed to ~90% of the cytokine score (Figure 6D),
highlighting the central role of these cytokines in driving
inflammation in TPE (Figures 6E, S15B). Macrophages from TPE
expressed significantly higher levels of these top 15 cytokines
relative to other cells (e.g., B, CD4, CD8, NKs, etc.), further
confirming their role as the major contributors to inflammation
in TPE (Figure S15B). In addition, we observed significant elevated
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FIGURE 5

Characterization of gene expression differences in B cells across three conditions. (A) Proportion of heavy chain classes identified in plasma cells.
(B) UMAP plots of mean gene expression from Ig signature genes in plasma cells, split by condition. (C) Heatmap showing the expression of selected
B cell activation-associated genes in Naive_B, GC_B and iMemory_B cell subset per condition. (D) Box plot showing the antigen presentation scores
in B cells across three conditions. (E) Heatmap showing expression of HLA-I and HLA-II molecules in B cells across three conditions. (F) Heatmap of
the expression of apoptosis-related genes in B cells across three conditions. Student's T-test was applied to test significance in (D) ****p<0.0001.

expression of inflammatory and cytokine genes in macrophages
from TPE relative to TSPE and TPE (Figures S15C, D). Taken
together, these findings illustrate that macrophages-driven
inflammatory might be a distinct feature of TPE.

We reasoned that the systematic inflammatory response in
patients with TPE may be related to the cross-talk between
macrophages and other cells via secreting diverse pro-
inflammatory cytokines such as those identified in the top 15. To
investigate this, we examined the ligand-receptor pairing patterns
between the hyper-inflammatory cell type (macrophages) and non-
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inflammatory cell types in TPE samples (Figures 6G, H). The
interactions between macrophages and other cells appeared to
display significant alterations (Figure 6G). Macrophages in TPE
exhibited stronger interactions with DCs, monocytes and MAIT
cells (Figure 6G). The interactions of macrophages with other cells
mainly relied on CCR1, CCR2, CCR5, CCR3, CXCR3 and ACKR2
(Figures 6G, H). Interestingly, DCs cells in TPE expressed CCRI,
CCR5 and CCR3, which can receive multiple cytokine stimuli
generated by macrophages. Likewise, MAIT cells expressed CCR1,
CCR5, CXCR3 and DPP4 while monocytes expressed CCR3,
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FIGURE 6

Macrophages in TPE as key cellular sources for inflammatory cytokines (A) Box plots of the inflammatory and cytokine scores in macrophage across
three conditions. Student’s T-test was applied to test significance. *p<0.05, ****p<0.0001. (B) UMAP plots of PFMCs colored by: major cell types
(Left panel) and inflammatory cell type (Right panel). (C) Pie charts showing the relative percentage contribution of each cell type to the
inflammatory score (Top panel) and cytokine score (Bottom panel). (D) Box plots of inflammatory scores (Left panel) and cytokine scores (Right
panel) in nine major cell types. (E) Pie charts showing the relative percentage contribution of each pro-inflammatory cytokine in macrophages from
TPE. (F) Dot plot showing the expression of selected pro-inflammatory cytokines in TPE across nine major cell types. (G) Dot plot of the interactions
between macrophages and other immune cell types in patients with TPE. P values are indicated by the circle sizes, as shown in the scale on the
right. (H) Macrophage-other immune cell interaction network in patients with TPE. Interactions with P values <0.05 are shown. Representative

ligand-receptor interactions between macrophages and other immune cell types are marked.

ACKR2 and DPP4, which can also receive multiple cytokine stimuli

yielded from macrophages (Figures 6G, H). Furthermore, we

observed that macrophages in TPE also could interact with itself
using CCR1, CCR2, CCR5 and ILIB (Figures 6G, H). Taken
together, these results illustrate the molecular basis for potential
cell-cell interactions in TPE at the local site of infection in

TB patients.

Frontiers in Immunology

Discussion

Tuberculosis (TB) caused by Mtb infection continues to be a
severe threat to human health. Therefore, it is important to
understand disease mechanisms, including mechanisms
orchestrating local immune responses to Mtb, to effectively

control this disease globally. Due to a lack of comprehensive data
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about the immune landscape in tissues, our understanding of
disease mechanisms in TB is limited. The use of TPE is
advantageous as it reflects the localized immune response to TB.
Therefore, this study was the first to map the entire immune
landscape, comprising of T-cells, NK cells, B cells and myeloid
cells, to dissect the potential immune responses related to TPE and
determine the potential sources of the inflammation in TPE.

By analyzing 78900 cells from TPE, MPE and TSPE, we
identified 9 major cell-types and 37 subtypes, covering various
immune cells in PF (Figures 1, S1-54). Thus, this information-rich
data enabled reliable analysis of these cell types or subtypes at
different resolution. The proportion of different immune cells in PF
were successfully defined and the compositional change for each
was determined. Notably, various myeloid clusters, including DCs,
monocytes and macrophages, were more enriched in MPE than
TPE and TSPE (Figure 1E) suggesting that this might be a distinct
characteristic of MPE and may be used as valuable biomarkers for
differentiating MPE and TPE. In contrast, CD4"T and CD8"T cells
were significantly increased in TPE relative to MPE, which can be
used as other biomarkers to further differentiate MPE and TPE
(Figure 1E). Additionally, CD4'T, B and PB cells were more
enriched in TPE than TSPE while NK cells were significantly
decreased (Figure 1E). These changes may be a promising
biomarker for differentiating TPE and TSPE. Taken together, our
scRNA-Seq data suggest that the relative abundance of immune
cells in PF could be valuable for diagnosing TPE, and differentiating
TPE from MPE and TSPE.

For T cells, our analysis suggested a high level of heterogeneity
within T cell compartments among PFs. Previous reports have
demonstrated that the T cell population in PF from TPE supports a
Th1 response, with high levels of IFN-y (29, 30). In our report, we
identified two Thl subtypes, including CD2_Th1-01 (immature
Th1l cell) and CD4_Th1-02 (mature Thl cell). TPE had a
significantly higher proportion of CD4-Th1-02 cells than MPE
and TSPE, which might be consistent with a phenomenon called
“compartmentalization”, resulting in the paucibacillary nature in
TPE and low yield in Mtb culture (11, 17). We found the two Thl
subtypes showed markedly higher IFNG expression in TPE
compared to MPE and TSPE. This suggests higher production of
IFN-y in TPE. IFN-v is required to activate macrophages and kill
Mtb by promoting phagosomal maturation and production of
reactive oxygen and nitrogen intermediates (26). In addition to
the high expression of IFNG, the Thl subtypes in TPE also
displayed higher Thl signatures (e.g., TBX21, GNLY, CXCR3,
CD38, LTA, etc.), suggesting a Thl response in TPE that is
consistent with previous studies (29, 30). Moreover, we found
that the two Th1 subtypes also highly expressed activation genes
(e.g., CD69) and cytotoxic genes (e.g., GZMA, GZMK), suggesting
that these two subtypes are likely multifunctional. In addition to the
Thl response, our data also supports a Th17 response in TPE,
which may be related to protective immunity against TB.

We also identified two effector CD4 sub-clusters
(CD4_eMemory-GZMA and CD4_eMemory-GZMK) in PF
(including TPE) that shared similar gene expression
characteristics with effector CD8 T sub-clusters (GZMA, GZMK,
GZMM, KLRB1). These CD4 sub-clusters have not previously been
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identified in TPE. It has been hypothesized that these CD4 T
effector clusters (especially effector memory CD4 T cells), possibly
produced through repeated antigen stimulation, might play an
important protective role against infectious diseases (e.g., Mtb)
(31, 32). Although effector CD4 cells have been thought to
employ various mechanisms to kill their target cells (33), the
exact molecular mechanisms and their role in anti-Mtb remains
unclear. Therefore, further studies should examine what role these
effector CD4 T cells play in TB.

Growing evidence indicates that CD8 T cells play key roles in
preventing and controlling Mtb infection through various
granzymes (34, 35). Previous reports suggested that granzymes
(e.g., GZMB) were able to directly kill Mtb in the presence of
granulysin, via various mechanisms (36). In our report, we found
that different CD8 T subclusters in TPE exhibited different
phenotypes from those seen in MPE and TSPE. Effector CD8 T
cells from TPE had the lowest cytotoxicity score and lower
expression of cytotoxicity-related genes relative to TSPE and
MPE. This suggests that effector CD8 T cell subclusters in TPE
may have limited roles in anti-Mtb. Previous studies have
demonstrated that low T cell responses are related to cell
exhaustion and apoptosis (37, 38). Consistently, we found that
XAFI and TNF pathways were involved in CD8 T cell apoptosis in
TPE, especially for effector CD8 T cells. Genes associated with the
XAF1 and TNF pathways displayed higher expression in CD8 T
cells from TPE than those from TSPE and MPE, potentially
contributing to the low effector CD8 T cell response in TPE.

NK cells are recruited early to the site of infection and have an
important role in amplifying the antimicrobial immune response to
TB. By PAGA analysis, we confirmed that NK_Pro, as a
proliferative subcluster, was an intermediate state. NK_Pro was
connected to all other NK subtypes, indicating that this subtype
might be valuable for therapeutic strategies targeting this
intermediate NK subcluster. Unexpected, a dysfunctional NK
response was found in TPE relative to TSPE and MPE, evidenced
by low expression of cytokines and cytotoxicity-related genes. Our
further analysis suggested that NK cell exhaustion and apoptosis
may be the potential reason for the dysfunctional NK response in
TPE. NK cells in TPE had high expression of multiple inhibitory
receptors (e.g., PCDCI1, LAG3, TIGIT, etc.). Similar to CD8 T cells,
NK cells in TPE also showed a high apoptotic state, as genes
associated with the XAFI, TNF and FAS pathways were
upregulated in NK cells from TPE. These factors may result in
functional impairment of NK cells in TPE.

Myeloid cells are an important component of the innate
immune system for controlling and preventing Mtb. Myeloid
cells including DCs, macrophages and monocytes in TPE
showed stronger functional capacity for phagocytosis, antigen
presentation and IFN-y response as well as higher expression of
HLA molecules, illustrating their effective role in anti-Mtb.
Phagocytosis of Mtb by macrophages results in the formation of
the phagosome and through a series of vesicle trafficking events,
Mtb antigens are distributed through antigen processing and
presentation pathways (25). Antigen-loaded MHC class II
molecules are then shuttled to the plasma membrane to activate
T cells and adaptive immune response against Mtb. In addition to
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macrophages, DCs also connect the adaptive and innate immune
response through their role in capturing, processing and presenting
antigens. Our findings show that macrophages and DCs in TPE had
higher expression of HLA molecules and genes associated with
phagocytosis and antigen presentation relative to TSPE and MPE,
implying that these myeloid cells might provide the protective
response to Mtb at the local site of infection. Interestingly,
increased apoptosis of macrophages was also observed in TPE
which may promote the release of Mtb antigen carrying vesicles.
These vesicles can then be taken up by nearby DCs resulting in cross
priming to further induce a protective response against Mtb.
Additionally, our study observed that “response to IFN-y”
pathway in macrophages was significantly upregulated. IFN-y is
important for activating macrophages to kill engulfed Mtb via
various mechanisms such as phagosome-lysosome fusion and
generation of reactive oxygen and nitrogen intermediates (25, 39).
This data indicate that myeloid cells in TPE may generate a
protective response against Mtb.

Increasing evidence indicate that B cells and humoral immunity
can modulate the immune response to various intracellular
microbes, including Mtb, by producing cytokines and affecting T
cell responses (40). B cells can present antigens to T cells with high
efficiency by capturing and internalizing antigens via surface
immunoglobulins. These antigens are then processed and
presented on the surface as peptideMHC class II complexes.
Interestingly, B cells from TPE showed stronger antigen
presenting capacity and had higher MHC II expression than B
cells from TSPE and MPE, thus supporting their role as APCs that
can prime T cells in TPE. We found that B cells from TPE might be
activated due to the high expression of various activation genes. In
addition, we observed that B cells in TPE highly expressed a wide
variety of cytokines like IL6, IL10, IL-12A and TNF, which might
influence the development of T cell-mediated immune response to
Mtb. However, the detailed functions of B cell-derived cytokines in
TPE remain to be evaluated. Our observations from TPE suggest
that B cells may modulate the local immune response to Mtb.

In our attempt to explore the cellular origins of potential
inflammatory cytokines, our data suggests that macrophages
might be the major sources for these cytokines in TPE. This cell
cluster might contribute to pro-inflammatory reaction via enhanced
expression of pro-inflammatory cytokines such as CXCL10, CCLS8,
CCL2, TNFSF13B, IL1RN, CCL3, TNESF13, etc. We found that
hyper-inflammatory macrophages expressed multiple pro-
inflammatory cytokines, highlighting potentially different
mechanisms leading to the pro-inflammatory response in patients
with TPE. In addition, potential cross-talk between macrophages
and other cells were identified from our scRNA-seq data, as shown
in Figures 6G, H. Targeting this crosstalk could be a potential
strategy for controlling inflammation in future studies.

Conclusion

Our comprehensive scRNA-seq dataset which covered three
PFs (TPE, TSPE and MPE) revealed unique immune features in
TPE that were not previously adequately appreciated. This data
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offers an important resource and crucial insights in revealing the
localized immune response to TPE and potentially assist in the
development of new effective therapeutics against Mtb infection.

Methods
Study design and participants

Adults with pleural effusion were prospectively recruited and
sampled at Beijing Chest Hospital (Beijing, China). Enrolled
participants had been administered anti-TB drug for <3 days in
the past 6 months, had a detailed medical record and presented a
minimum of 50 mL pleural fluid volume. According to Light’s
criteria (41), pleural effusion was divided into exudative and
transudative. For pleural TB cases, the inclusion criteria were: (1)
Bacteriological evidence provided by culture, Xpert or PCR from
pleural effusion; or (2) diagnosed as active pleural TB by a physician
according to clinical findings, thoracoscopic reports and radiologic
imaging. The exclusion criteria were: (1) had malignant tumors; (2)
undergoing immunosuppressive therapy; (3) pregnant.

Sample collection

Supplementary Table 1 summarizes the characteristics of
participants included in our study. Fresh PF samples from 2
patients with TSPE, 2 patients with MPE and 6 patients with TPE
were immediately subjected to PFMCs isolation using standard
density gradient centrifugation. Cell viability was measured using
the Countstar cell viability detection kit. The cell viability was >90%
for each sample and thus underwent cell encapsulation to generate
5’ gene expression profiles. Amplified cDNA was generated using a
commercial emulsion-based microfluidic platform (Chromium
10x) and this cDNA was used for to prepare the single cell RNA-
seq libraries.

Single cell RNA library preparation
and sequencing

The single cell RNA library preparation and sequencing was
performed by NovelBio Co., Ltd. (Shanghai) and as described in our
previous studies (15, 42).

Quantification and Statistical analysis

Single-cell RNA-seq data analysis

Single cell RNA-seq data was processed as previously described
(15, 42). Briefly, the kallisto/bustools (kb v0.24.4) pipeline was used
to generate the raw and filtered gene expression matrices. The
anndata (ad) (v0.7.6) and scanpy (sc) (v1.7.2) packages in python
(v3.8.10) were then used to analyze the filtered feature, barcode and
matrix files. Potential doublets and low-quality cells were filtered
and gene expression matrix were then normalized by library size to
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10,000 reads per cell as described in Wang et al. (4, 42). The
sc.pp.highly_variable_genes function was used to select the
consensus set of 1,500 most highly-variable genes (HVGs) and
prioritize gene features in the data with high cell-to-cell variations
as previously described (43).

Immune cell clustering and annotations

The sc.tllouvain function was used to perform unsupervised
clustering of cells at different resolutions. Using the neighborhood
relations of cells, clustering consisted of two rounds: the first round
(Louvain resolution = 2.0) identified 9 major cell types (CD4" T cells,
CD8" T cells, MAIT cells, NK cells, B cells, plasma B cells, monocyte
cells, dendritic cells, and macrophages) while the second round (with
Louvain resolution 2.0) subdivided CD4+/CD8+ T, B, NK and DC cells
into sub-clusters which represented distinct immune cell lineages
within each major cell type. Each subset was confirmed by 1)
manually matching canonical marker genes and 2) matching subset-
specific signature genes using the sc.tlrank genes_groups function.
Cluster annotation was also performed by manually matching
canonical cell marker genes with subset-specific signature genes.
Canonical marker genes and subset-specific signatures genes are
provided in the main text and supplementary tables (Tables S2-S7).

Cell state scores for immune cell subtypes

Defined gene sets for the were used to define and compare the
overall activation level/physiological activity of cell clusters. The
inflammatory response, pro-inflammatory cytokine and exhaustion
response gene sets were collected from previous studies (15, 42). The
leukocyte migration gene set (GO:0050900) and response to interferon-
gamma (GO:0034341) were collected from MsigDB and previous
studies (44-46). The cytotoxicity score was defined using 17
cytotoxicity-associated genes (PRFI, IFNG, GNLY, NKG7, GZMA,
GZMB, GZMH, GZMK, GZMM, KLRKI, KLRBI, KLRDI, FCGR3A,
FGFBP2, ZEB2, CISW and CST7). The phagocytosis score was defined
using 25 phagocytosis-related genes (ARF6, CDC42, ARPC4, PIK3R2,
WASE2, ARPCIA, ARPC2, MARCKSL1, RAC2, CFL1, RPS6KB2,
PRKCE, MARCKS, VAV2, DNM2, PIK3CG, FCGR3A, VASP,
ARPC3, HCK, LYN, DOCK2, PLCG2, ARPC5, PTPRC). The
antigen presentation score was defined using 36 antigen
presentation-related genes (LGMN, CIITA, HLA-DMB, RFX5, HLA-
DMA, NFYC, CTSL, IFI30, B2M, HLA-E, TAP2, PSMEI1, PSME2,
HLA-F, HLA-C, HSP90AB1, HSPAS, HLA-DOA, CD74, HLA-DQA2,
HLA-DQBI1, HLA-DRA, HLA-DRBI1, HLA-DRB5, HLA-DPAI,
HLA-DQA1, HLA-DPB1, HSPA4, CALR, HSP90AA1, HLA-A,
PDIA3, CTSB, PSME3, HLA-B, TAP1, CD4). The exhaustion
response score and exhaustion score were defined using exhaustion
response genes and exhaustion markers, respectively (Table S8). The
migration score was defined using LEUKOCYTE MIGRATION
Pathway (GO:0050900).The Scanpy sc.tl.score_genes function was
used to calculate the cell state scores, which was defined as the
average expression of genes from these predefined gene sets with
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respect to the reference genes. Comparison of the cell state scores
between different groups were statistically assessed using t-test.

Statistics

Statistical analysis and visualizations were performed in python
and R and are provided with the results in the main text, in the
figure legends or in the above Methods sections. The following
symbols are used to indicate statistical significance for all figures: ns:
p > 0.05; *p <= 0.05; **p <= 0.01; **p <= 0.001; ***p <= 0.0001

Code availability

Experimental protocols and pipelines used in this study follow
the 10X Genomics and Scanpy official websites. Analysis steps,
functions and parameters are described in detail in the Methods
section. Custom scripts used to analyze data are available upon
reasonable request.

Software and algorithms

Software SOURCE IDENTIFIER

annadata pypi https://github.com/theislab/anndata
CellRanger 10x http://10xgenomics.com

v6.1.1 Genomics

ggplot bioconductor | https:/ggplot2.tidyverse.org

ggpubr bioconductor | https://github.com/kassambara/ggpubr
gseapy-0.10.7 pypi https://pypi.org/project/gseapy
harmonypy pypi https://github.com/slowkow/harmonypy

kallistobustools- | pypi
0.24.4

https://github.com/pachterlab/kb_python
Modular, efficient and constant-memory
single-cell RNA-seq preprocessing. Nat
Biotechnol 39, 813-818 (2021).

bioconda

scanpy v1.7.2 https://github.com/theislab/scanpy

scirpy v0.7.0 bioconda https://github.com/icbi-lab/scirpy

scrublet v0.2.3 pypi https://github.com/swolock/scrublet

statannot pypi https://pypi.org/project/statannot
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repository, accession number OMIX004145.
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005). Written informed consent was acquired from each
participant. The patients/participants provided their written
informed consent to participate in this study.
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Vaccine-induced protection against Mycobacterium tuberculosis (Mtb) is usually
ascribed to the induction of Thl, Th17, and CD8* T cells. However, protective
immune responses should also involve other immune cell subsets, such as
memory T cells. We have previously shown improved protection against Mtb
challenge using the rBCG-LTAK63 vaccine (a recombinant BCG strain expressing
the LTAK63 adjuvant, a genetically detoxified derivative of the A subunit from E. coli
heat-labile toxin). Here we show that mice immunized with rBCG-LTAK63 exhibit a
long-term (at least until 6 months) polyfunctional Th1/Thl7 response in the
draining lymph nodes and in the lungs. This response was accompanied by the
increased presence of a diverse set of memory T cells, including central memory,
effector memory and tissue-resident memory T cells. After the challenge, the T cell
phenotype in the lymph nodes and lungs were characterized by a decrease in
central memory T cells, and an increase in effector memory T cells and effector T
cells. More importantly, when challenged 6 months after the immunization, this
group demonstrated increased protection in comparison to BCG. In conclusion,
this work provides experimental evidence in mice that the rBCG-LTAK63 vaccine
induces a persistent increase in memory and effector T cell numbers until at least 6
months after immunization, which correlates with increased protection against
Mtb. This improved immune response may contribute to enhance the long-
term protection.
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1 Introduction

Tuberculosis (TB) is one of the deadliest infectious diseases in
the world, responsible for more than 1.3 million deaths in 2021 (1).
BCG is the only licensed vaccine against TB, providing protection
against severe forms of TB, especially in children. However, as
protection wanes, young individuals and adults exhibit variable
protection and are more susceptible to pulmonary tuberculosis (2).
Given BCG’s excellent safety record, adjuvant properties
(heterologous protection), and effectiveness in newborns, several
vaccines in development against TB seek to improve BCG’s
protection (3-6). In this sense, the vaccine should confer durable
protection and induce a prompt and robust immune response
against the bacteria in the lungs (the primary site of infection).
Therefore, the generation of memory subsets is one of the main
goals sought to improve TB vaccines (7, 8).

Classically, the Thl cells (specially IFN-y" or polyfunctional
cells producing IFN-y, IL-2 and/or TNF-cot) have been considered
the most important correlates of protection for TB vaccines. As
vaccine development progressed in the field, Th17 and CD8" T cells
were also considered important cell populations to induce
protective responses (9). In mice, immunization with BCG
preferentially induces effector T cells and effector memory T cells
(TEM - CD4"CD44"CD62") and not central memory T cells (TCM
- CD4"CD44"CD62"). The effector T cells have an immediate effect
but are believed to be vulnerable to exhaustion from chronic
infection and continuous exposure to mycobacteria, contrary to
TCMs. Another recombinant BCG vaccine, VPM1002
(BCGAureC:hly) which is in phase III clinical trials, demonstrates
that part of its protection against TB is related to an enhancement of
the TCM population (10).

Beyond TCM and TEM, tissue-resident memory T cells (TRM -
KLRG1PD-1%) have also been described as cell subsets involved in
protection against TB. KLRG1 and PD-1 are considered important
prognosis biomarkers (8, 11). TRM is a memory T cell subset that has a
long lifespan in non-lymphoid tissues; they have low body recirculation
capacity, but rapidly migrate through the resident organ parenchyma
and differentiate into effector cells upon stimulation. In tuberculosis,
the pulmonary TRMs were shown to quickly migrate into the lung after
adoptive transfer and protect against Mtb infection (12-15). The
development of TRM, however, was only achieved when BCG was
used through the mucosal route, with intradermal/subcutaneous
immunization failing to induce this cell population (8, 10). Finally,
the level of T cell differentiation (reduced expression of KLRG1 marker,
as well as the presence of the inhibitor marker PD-1) can indicate
increased IL-2 producer cells that help to maintain effector T cell
populations, as well as being less sensitive to exhaustion and apoptosis
in chronic infection (12, 16, 17).

The LTK63 is a genetically detoxified E. coli heat-labile
enterotoxin mutant that exhibits a potent mucosal adjuvanticity.
It has been shown that LTK63 can activate several components of
the immune response, including the recruitment and activation of
neutrophils, NK cells, macrophages, dendritic cells, and B and T
cells (18). We have previously developed a recombinant BCG
(rBCG) strain expressing the subunit A of LTK63 as an adjuvant
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(named rBCG-LTAK63). Immunization of mice with rBCG-
LTAK®63 increased innate and adaptive immune responses and
improved the protection against Mtb challenge in comparison to
BCG (19, 20). Here, we show that the immunization of mice with
rBCG-LTAKG63 enhances the generation of polyfunctional T cells,
TCM, and TEM cells. Six months after immunization, these cells are
still in higher numbers. At this time point, mice immunized with
rBCG-LTAK63 when challenged with Mtb, displayed increased
protection as compared with BCG.

2 Materials and methods
2.1 Animals and immunization

Specific-pathogen-free female BALB/c mice (4-8 weeks old), from
Instituto Butantan — Central Animal Facility, were maintained in
ABSL-2 racks fitted with a HEPA-filtered air intake and exhaust
system. They were kept at the animal care facility of the Laboratorio
de Desenvolvimento de Vacinas, with water and food provided ad
libitum. The temperature was maintained from 20-24°C, relative
humidity of 40-70%, and a 12 h light/dark cycle. This study was
carried out in strict accordance with the Guide for the Care and Use of
Laboratory Animals of the Committee of SBCAL (Sociedade Brasileira
de Ciéncia em Animais de Laboratorio) recommendations and was
approved by the Animal Research Ethical Committee of Instituto
Butantan (number: 3435250619).

The rBCG-LTAK®63 strain used in this work was previously
described (20). BCG or rBCG-LTAK63 were grown in Middlebrook
7H9 (Difco, Detroit, MI, USA) supplemented with 10% of OADC
(oleic acid-albumin-dextrose-catalase; BBL, Cockeysville, MD,
USA), 0.5% glycerol and 0.05% Tween 80 (7H9-OADC) or plated
on Middlebrook 7H10 agar supplemented with 0.5% glycerol and
OADC (7H10-OADC).

To evaluate long-term immune response and protection, groups
of mice (n=5) were immunized with BCG or rBCG-LTAK63 (1x10°
CFU/100 uL) resuspended in phosphate-buffered saline (PBS- 137
mM NacCl, 2.7 mM KCl, 8 mM Na,HPO,, and 2 mM KH,PO,) and
administered subcutaneously in the back of the animals.

2.2 Intranasal infection with Mtb

The intranasal infection was performed as described by Logan
et al. (2008) (21). A frozen vial of Mycobacterium tuberculosis
H37Rv (kept at -80°C) was thawed, and the inoculum was
adjusted to 1.25x10* CFU/mL with PBS. Ninety and 180 days
after immunization, the groups of mice were intranasally
challenged with the Mtb suspension (500 CFU/40 pL in one
nostril). To confirm the bacterial load used, a single mouse from
each group was euthanized at day 1 post-inoculation, and the lung
homogenates were plated on 7H11-OADC agar. To determine
protection, thirty days after infection, animals were euthanized,
and the anterior and mediastinal right-lung lobes were collected,
homogenized, and plated on 7H11-OADC agar. The bacterial load
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was determined by counting the CFU numbers after 14-21 days of
incubation at 37°C.

2.3 Cellular immune responses in draining
lymph nodes and lungs

Flow cytometry analysis for specific effector T cell and memory
T cell were performed as described in previous protocols (22, 23).
Briefly, 90 and 180 days after the immunization, axillar draining
lymph nodes and lung lobes were collected. Draining lymph nodes
were prepared as single-cell suspensions using 70-pm cell strainers
(BD Biosciences), and the cells were resuspended in RPMI-1640
medium supplemented with 10% fetal calf serum, 0.15% sodium
bicarbonate, 1% L-glutamine and 1% nonessential amino acids.

Lung lobes were digested with DNAse IV (30 pg/mL) and
collagenase IIT (0.7 mg/mL) for 30 min at 37°C. The digested lungs
were prepared as single-cell suspensions using 70-pm cell strainers
and erythrocytes lysed using an RBC lysing solution (0.15 M
NH,CI, 10 mM KHCO3;). For both organs, viable cells were
counted in a Neubauer chamber using Tripan Blue (0.2%), and
cell concentration was adjusted to 1x10° cells/mL. All reagents were
purchased from Sigma—Aldrich®, Merck KGaA, St. Louis,
MO, USA.

Cells were plated in 96-well plates (CellWells"™") and stimulated
with 10 ug of BCG CFP (“culture filtrate protein”, a proteinaceous
supernatant of a BCG grown in Sauton medium for 14 days and
concentrated through a 5,000 MWCO filter), ConA (positive
control) or left unstimulated and incubated at 37°C and 5% CO,
for 4 h. Then, monensin (3 pM; eBioscience) was added and
cultures were further incubated for another 4 h. Cells were then
treated with 0.1% sodium azide (Sigma-Aldrich) in PBS for 30 min
at room temperature and centrifuged at 400 x g for 15 min. The
cellular phenotype was determined by permeabilization with Perm
Fix/Perm Wash (BD Pharmingen) and incubation for 30 min with
the following conjugated antibodies: TNF-o.-FITC (clone MP6-
XT22), IFN-y-PE (clone XMG1.2), CD4-PerCP (clone RM4-5),
CD44-APCcy7 (clone IM7), IL-17-BV421 (clone TCI11-18H10),
CD62L-FITC (clone MEL-14), PD-1-PE (clone J43), KLRG1-APC
(clone 2F1).

Cell acquisition of 70,000 (draining lymph nodes) and 200,000
(lungs) total events per sample was performed using a BD FACS
Canto II flow cytometer and data analyzed using FlowJo " v10
Software (BD Life Sciences).

The CD4" effector T cell population was characterized as to
expression of IFN-y, TNF-o. and/or IL-17, either as single, double,
or triple-positive cells. Memory T cell population was characterized
as: naive (CD4"CD44 CD62L"), central memory (TCM-
CD4"CD44"CD62L"), effector memory (TEM-CD4"CD44"CD62L"),
and tissue resident memory (TRM-CD4 "PD-1"KLRGI") cells.

The gating strategy for all memory T cell subsets is shown in
Supplementary Materials. Supplementary Figure 1 depicts gating
for naive/TEM/TCM (Supplementary Figure 1A) and an example of
analysis in the lymph node for each group in both time points
(Figure 1B). Supplementary Figure 2 shows gating for TRM
(Supplementary Figure 2A) and an example of analysis in the
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lungs for each group in both time points (Figure 2B).
Supplementary Figure 3 displays an example of lymph nodes
analysis, based on FMO of a single functional T cell, producing
IFN-v (Supplementary Figure 3A), TNF-a (Supplementary Figure
3B), or IL-17 (Supplementary Figure 3C). Cytokine events were
background corrected based on this FMO.

The number of cells in each organ was quantified by multiplying
the percentage of cells in each gate by the number of live cells
counted in the Neubauer chamber.

2.4 Statistical analysis

Results were tabulated using the software GraphPad Prism 9
(GraphPad, La Jolla, CA, USA). The violin plot was plotted in
Origin (Pro), Version Number (2022b - OriginLab Corporation,
Northampton, MA, USA). The differences between groups were
assessed using one-way ANOVA. Differences in p values < 0.05
were considered statistically significant. All biological experiments
were performed at least twice, repeating the immunization and
assessments of immune response and protection”.

3 Results

3.1 rBCG-LTAK63 improves Thi, Thl7,
memory T cells, and protection, 90 days
after immunization

Protection against TB is correlated with an increased Th1/Th17
cytokine response observed at the time of challenge (Figure 1A). In
agreement, here we show that mice immunized with rBCG-LTAK63
displayed a general increase in the Th1 and Th17 cell populations. At
90 days after immunization, there was an increase of a diverse milieu of
CD4" T cells expressing TNF-o, IFN-y and IL-17 either alone or in
combination (double and triple polyfunctional cells) in draining lymph
nodes and lungs (Figures 1B, C).

In the lymph nodes, rBCG-LTAK63 immunization induced an
increased percentage of CD4" single TNF-o. and IL-17-producing
cells, and combinations of double TNF-o, IFN-y, and IL-17-
producing cells at 90 days. The most significant differences in
terms of percentage and in the difference as compared to BCG
were in CD4"TNF-o" single positive, CD4"IFN-y'IL-17" (double
positive), and the triple polyfunctional T cells (Figure 1B). In the
lungs as the target organ, the single CD4" T cells producing IFN-y
and TNF-a, and the double polyfunctional T cells were also
increased as compared to BCG. In this case, the largest differences
were seen with the CD4"IFN-y" and the triple positive CD4"TNE-
O TFN-yIL-17" T cells (Figure 1C).

Regarding the numbers of polyfunctional T cells in the lymph
node, the triple positive CD4"TNF-0.' TFN-y'IL-17" T cells showed
the largest difference compared to BCG (Figure 1C). In the lungs,
the double positive CD4"TNF-0'IL-17" T cells were in larger
numbers in the rBCG-LTAK63-immunized animals as compared
to the BCG group, with a corresponding decrease in the numbers of
CD4'IFN-Y'IL-17" T cells (Figure 1D).
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FIGURE 1

Increased induction of Thl, Thl7, and polyfunctional cells in the draining lymph nodes and lungs of rBCG-LTAK63-immunized mice, 90 days after
immunization. (A) Experimental design of the long-term immune response and protection performed. Created with BioRender.com. Twenty animals
were immunized on day 0 with wild-type BCG or rBCG-LTAK63 or mock saline (n=20 per group). Immune responses were evaluated 90 and 180
days after immunization (n=5 per group). Challenges were performed 90 and 180 days after immunization and the protection was evaluated 30 days
later (n=5 per group). In the last challenge evaluation (210 days after immunization) the immune response was also measured. Groups of BALB/c
mice (n=5/group) were subcutaneously immunized with wild-type BCG or rBCG-LTAK63, and control groups received saline. Axillary lymph nodes
(B) and lungs (C) were collected at 90 days after immunization and cellular suspensions were re-stimulated with CFP (culture filtrate proteins) to
evaluate the presence of CD4" single and polyfunctional effector T cell subsets. Violin plots with box whiskers represent the data distribution,
median and outliers. (D) The pie charts depict the number of polyfunctional cells in evaluated organs. (*) Represents the statistical comparison
between groups (*p < 0.05, **p < 0.01, ***p < 0.001). Differences were considered statistically significant when p < 0.05 as compared to saline or
BCG group (one-way ANOVA). The (*) above violin plots indicated comparison with the saline control and the (*) bar showed all other group
comparisons. The figure shows a representative of two independent experiments.
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Since an increased presence of effector CD4™ T cells was
observed until 90 days after the immunization with rBCG-
LTAK®63, we assessed vaccine-induced memory T cells in the
draining lymph nodes and lungs of immunized mice. In the
lymph nodes, mice immunized with rBCG-LTAK63 displayed a
tendency to decrease the naive T cell population and significantly
increased TCM and TEM cells as compared to BCG (Figure 2A). In
the lungs, the same tendency was observed; in this case, rBCG-
LTAK63 immunization displayed significantly larger percentages of
the TCM and TEM cell populations. There was a trend to an
increase in TRM in rBCG-LTAK63-immunized animals as
compared to the saline group; however, this increase was not
significant (p value 0.17) (Figure 2B).

We had previously shown that rBCG-LTAK63-immunization
induces protection against Mtb challenge in the intratracheal model
of infection, 90 days after immunization (20). Hence, we here
confirmed protection against Mtb challenge using the intranasal
model, 90 days after immunization with rBCG-LTAK63. Animals
were administered 500 CFU of M. tuberculosis H37Rv intranasally
and the bacterial load in the lungs was measured thirty days after
the challenge. Also in the intranasal infection model, rBCG-
LTAK63 immunization induces better protection than BCG,

10.3389/fimmu.2023.1205449

reducing the bacillary load by more than two logs as compared
to the non-immunized group and one log as compared to
BCG (Figure 2C).

3.2 The protective immune response
induced by rBCG-LTAK63 immunization
is maintained for up to 180 days

after immunization

To determine if the enhanced TEM and TCM cells at 90 days
could increase the duration of protection, mice were immunized
subcutaneously with 10° CFU (BCG or rBCG-LTAK63), and we
assessed TEM and TCM generation, and protection against
challenge 180 days later. At 180 days, the CD4" T cells expressing
TNF-0o, IFN-y, or IL-17 remained at higher levels in rBCG-
LTAK63-immunized animals in comparison to the BCG group in
both organs (Figures 3A, B). In the lymph nodes, only CD4*TNF-
o'IL-17" double positive is present at a higher level (Figure 3A),
while in the lungs, CD4"TNF-0."IL-17%, CD4*IFN-y'IL-17" double
positives are increased, together with the triple-positive T
cells (Figure 3B).
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BCG

rBCG-LTAKG3

Generation of memory T cells and protection of mice immunized with rBCG-LTAK63, 90 days after immunization. BALB/c mice (n=5/group) were
immunized with either BCG or rBCG-LTAK63 (10° CFU); control groups received saline. Lymph node and lung cells were isolated after 90 days and
were in vitro re-stimulated with CFP to evaluate memory T cell subsets. Memory T cells were characterized as naive T cells (CD4*CD44 CD62L"),
central memory T cells (TCM-CD4*CD44*CD62L"), effector memory T cells (TEM - CD4*CD44*CD62L") present in the lymph nodes (A) and lungs
(B) of immunized animals. Tissue-resident memory T cells were characterized as CD4"PD-1*KLRG-1" in the animal's lungs (B). Violin plots with box
whiskers represent the data distribution, median, and outliers. (C) Immunized and control animals were challenged intranasally with 500 CFU of M.
tuberculosis H37Rv 90 days after immunization, and the lung bacillary load was assessed 30 days after infection. (*) Displays the statistical
comparison between groups (*p < 0.05, **p < 0.01, ***p < 0.001). Differences were considered statistically significant when p < 0.05 as compared to
the saline or BCG group (one-way ANOVA). Bars represent mean + S.D. The (*) above violin plots indicated comparisons with the saline control and
the (*) bar showed all other group comparisons. The figure shows a representative of two independent experiments.
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Increased induction of Thl, Thl7, and polyfunctional cells in the draining lymph nodes and lungs of rBCG-LTAK63-immunized mice, 180 days after
immunization. Groups of BALB/c mice (n=5/group) were subcutaneously immunized with BCG or rBCG-LTAK6E3; the control group received saline.
Axillary lymph nodes (A) and lungs (B) were collected at 180 days after immunization and cellular suspensions were re-stimulated with CFP (culture
filtrate proteins) to evaluate the presence of CD4" effector T cell subsets. Violin plots with box whiskers represent the data distribution, median, and
outliers. (C) The pie chart depicts the number of polyfunctional cells in evaluated organs. (*) Displays the statistical comparison between groups

(*p < 0.05, **p < 0.01, ***p < 0.001). Differences were considered statistically significant when p < 0.05 as compared to saline or BCG group (one-
way ANOVA). The (*) above violin plots indicated comparison with the saline control and the (*) bar showed all other group comparisons. The figure

shows a representative of two independent experiments.

Regarding the number of polyfunctional T cells in the lymph
node, the double positive CD4"TFN-yIL-17" T cells displayed the
largest difference compared to BCG (Figure 3C). In the lungs, the
double positive CD4"TNF-0'TEN-y" T cells were in larger numbers
in both groups, but the CD4"IFN-y'IL-17* T cells were higher in
the rBCG-LTAK63 group (Figure 3C).

An increase in TEM cell populations occurs in both organs at
180 days after rBCG-LTAK63 immunization, while there is no
alteration of TEM in BCG groups (Figures 4A, B). Only rBCG-
LTAKG63 showed a higher percentage of TCM in the draining lymph
node, as compared to BCG (Figure 4A). There is also an increase
in TRM cells in the lungs of rBCG-LTAK63-immunized
animals (Figure 4B).

In terms of protection, even after 180 days, rBCG-LTAK63
immunization sustained higher protection against intranasal

Frontiers in Immunology

challenge with Mtb, reducing the bacillary load in the animals’
lungs by nearly two logs (Figure 4C).

3.3 Challenge with Mtb induces TEM
differentiation and Th1/Th17 recall in
animals immunized with rBCG-LTAK63

Mice were immunized with BCG or rBCG-LTAK®63, challenged
with Mtb 180 days later, and the memory cells (naive, TCM, and
TEM) were examined using flow cytometry 30 days later. TEM
response in infected animal lymph nodes was higher in animals
immunized with rBCG-LTAK63 than in those only infected
(Figure 5A). In the lungs, TEM was higher in rBCG-LTAK63
group than in both the BCG and infected groups (Figure 5B).
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FIGURE 4
Generation of memory T cells and protection of mice immunized with rBCG-LTAK63, 180 days after immunization. BALB/c mice (n=5/group) were
immunized with either BCG or rBCG-LTAK63 (10° CFU); the control group received saline. Lymph node and lung cells were isolated after 180 days
and in vitro re-stimulated with CFP to evaluate memory T cell subsets. (A) Memory T cells were characterized as naive T cells (CD4"CD44 CD62L"),
central memory T cells (TCM-CD4*CD44*CD62L"), effector memory T cells (TEM-CD4"CD44"CD62L") present in the lymph nodes (A) and lungs
(B) of immunized animals. Tissue-resident memory T cells were characterized as CD4"PD-1*KLRG-1" in the animal's lungs (B). Violin plots with box
whiskers represent the data distribution, median and outliers. (C) Animals were challenged intranasally with 500 CFU of Mycobacterium tuberculosis
H37Rv 180 days after immunization, and the lung bacillary load was assessed 30 days after infection. (*) Displays the statistical comparison between
groups (*p < 0.05, **p < 0.01, ***p < 0.001). Differences were considered statistically significant when p < 0.05 as compared to saline or BCG group

(one-way ANOVA). Bars represent mean + S.D. The (*) above violin plots indicated comparison with the saline control and the (*) bar showed all
other group comparisons. The figure shows a representative of two independent experiments.

TCM population showed no significant difference between groups
in both organs as compared to BCG.

The increase in the TEM population in the infected animal’s
lungs indicates a possible differentiation from TCM into TEM and
further into effector cells. Therefore, we also evaluated the Th1 and
Th17 responses. The infection with Mtb increases CD4 " TNF-o.",
CD4"IFN-Y", and CD4"IL-17" in the lymph nodes of rBCG-
LTAK63 immunized animals (Figure 5C), while in the lungs,
there was a drastic difference in CD4'IFN-y*, and CD4"IL-177,
when compared with BCG (Figure 5D).

Finally, we compared the cell population dynamics across all time
points during a longer period of immunization and infection.
Regardless of the vaccine used, we can see that after a long period of
immunization (180 dpi - before challenge), there is a tendency to
decrease in all populations studied, most notably in the lungs of
animals (Figure 6). Following infection, there is a decrease in the
population of TCM cells in both organs and a considerable increase in
the TEM cells in the lungs of the animals immunized with rBCG-
LTAK®63 (Figures 6G-]). At the same time, there is an increase in the
TNE-o. (6B) and IL-17 (6F) producing CD4" T cells in the lungs of the
rBCG-LTAK63 group, but they remain stable in the BCG group.

Frontiers in Immunology

4 Discussion

In this study, we show that immunization with rBCG-LTAK63
produces a broader range of effector cells than BCG. It also
stimulates the production of more memory cells, primarily TCM.
This leads to superior and longer-lasting protection against
Mpycobacterium tuberculosis. To obtain protection against TB,
several CD4" T cell subsets should be induced by immunization.
Initially, Th1l and Th17 are the main effector cells associated with
protection (24). Together, pre-existent TCM, after antigen re-
exposure or infection, differentiates into TEM and then into Thl
or Th17 cells that migrate and exert their effector functions in
infected tissues. A proportion of these T cells subsequently remain
in the lung as TRM and constitute an efficient frontline defense in
the organ. These also can turn into Th1/Th17 effector cells, or
rapidly recruit new effector cells after infection. In a chronic
infection like Mtb, the longevity of the immune response and its
resistance to continuous antigen exposure without exhaustion, is of
equal importance. Hence, cells with lower expression of KLRG1
play a central role, because their proliferative potential can maintain
the T cells in the tissue as the infection lasts (8, 25).
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rBCG-LTAK63 induces higher effector and effector memory T cell after infection. BALB/c mice (n=5/group) were immunized with either BCG or
rBCG-LTAK63 (10° CFU); the control group received saline. Animals were challenged intranasally with 500 CFU of Mycobacterium tuberculosis
H37Rv 180 days after immunization; lymph nodes and lung cells were isolated 30 days after infection. Memory T cells were characterized as naive
T cells (CD4*CD44 CD62L"), central memory T cells (TCM-CD4*CD44*CD62L"), effector memory T cells (TEM - CD4"CD44*CD62L") present in
the lymph nodes (A) and lungs (B) of immunized animals. The lymph nodes (C) and lung (D) cells were isolated 30 days after infection to evaluate
the presence of CD4" effector T cell subsets. Violin plots with box whiskers represent the data distribution, median, and outliers. (*) Displays the
statistical comparison between groups (*p < 0.05, ***p < 0.001). Differences were considered statistically significant when p < 0.05 as compared to
infection or BCG (one-way ANOVA). The (*) above violin plots indicated comparison with the saline control and the (*) bar showed all other group
comparisons. The figure shows a representative of two independent experiments.

The protective mechanism(s) of polyfunctional CD4" T cells
induced by vaccines or natural infection are still unknown.
However, it has been considered that cells that express multiple
effector functions may be more effective at controlling Mtb infection
than cells that produce a single cytokine. We had previously shown
that rBCG-LTAKG63 elicited an increased protective response (as
compared with BCG) when immunized mice were challenged with
H37Rv or a highly virulent Beijing strain (intratracheally) at 90 days
after immunization (20). Here we confirmed the previous results in
an intranasal challenge model and show that when immunized mice
were challenged after 180 days, this improved protection is
maintained (Figures 2, 4). Immunization with rBCG-LTAK63
increases Thl and Th17 single and polyfunctional responses in
the lymph node and lungs, for up to 180 days, in contrast to BCG.
This long-term protective response is directly associated with the
production of Thl responses, which activate macrophages,
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stimulate phagocytosis, phagosome maturation, nitrogen reactive
production, and improve antigen presentation (26). At the same
time, Th17 cells mediate antibacterial and pro-inflammatory
responses, contributing to the generation of protective immune
responses and memory cells, and support Thl cell reactivity by
down-regulating IL-10 and up-regulating IL-12 production. These
responses can protect against tuberculosis infection in the absence
of a Thl response (27, 28).

We have previously demonstrated that intraperitoneal
inoculation of rBCG-LTAKG63 induced increased recruitment of
CD4" lymphocytes (19). Moreover, in vitro studies with human
macrophages demonstrated that rBCG-LTAK63 upregulated
interferon-inducible, antimicrobial, and inflammatory cytokines,
and induced tissue repair genes when compared to BCG.
Specifically, rBCG-LTAK63-infected macrophages produced
higher levels of inflammatory cytokines including IL-12(p70),
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Dynamics of the T cell population show increased TEM and effector T cells after Mtb challenge in the lungs of rBCG-LTAK63 immunized animals.
Evolution of the cell populations of immunized animals at 90 days (90dpi) and 180 days after immunization (180 dpi), and 30 days after challenge
(30dpc): CD4*TNF-a* T cells in lymph nodes (A) and lungs (B); CD4*IFN-y* T cells in lymph nodes (C) and lungs (D); CD4*IL-17" T cells in lymph
nodes (E) and lungs (F); TCM (CD4*CD44*CD62L") cell populations in lymph nodes (G) and lungs (H); TEM (CD4"CD44*CD62L") in the lymph
nodes () and lungs (J). Bars represent + S.D. *Statistical difference (p < 0.05) as compared to the prior timepoint in two-way ANOVA test.

TNF-a, and IL-15 (29). Our work demonstrates that immunization
with rBCG-LTAK63 induces TCM cells in the lymphoid organ
(Figure 2), as well as TRM cells in the lungs (Figure 4). IL-15
(together with IL-7 and IL-2) plays a crucial function in memory T
cell development and homeostasis and may explain the TRM and
TEM generation. However, the TCM generation seems to be IL-15
independent, and the mechanism by which rBCG-LTAK63 induces
TCM is still unknown (30-32). In the TCM and TEM cell
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population study, it was demonstrated that rBCG-LTAK63
enhances the TCM response and, as expected, this response is
maintained in the lymphoid organ while also increased in the
animal’s lungs. This improvement is one of the most auspicious
characteristics of rBCG-LTAK63 described here. In adoptive
transfer studies, TCM generated by VPM1002 immunization
was demonstrated to be partly responsible for its increased
protection (10).
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After the infection, it is expected that the TCM cells differentiate
into TEM cells, which migrate from the lymphoid organ to the lungs
(3). TCM are not different between the recombinant vaccine and wild-
type BCG, while TEM cells are increased in the lungs after infection
(Figures 5, 6). This can indicate a possible differentiation of TCM into
TEM. Difterentiation of TEM will induce an increase in effector T cells
(Th1/Th17), and we can see this enhancement in lymph node
CD4"TNF-0"/CD4"IFN-y"/CD4"IL-17", and in the lungs CD4"IFN-
Y /CD4'IL-17" (Figure 6). Our previous work showed that rBCG-
LTAK63 reduces NF-kB, IL-12, IFN-y, TNF-0, and IL-17 after
challenge while increasing TGF-f (20). Our results differ from the
previous one, most likely due to the method used. In that case, cytokine
production was evaluated using RNA transcription, which measures
the total cytokine expressed in the tissue. The reduction in total
inflammatory cytokine production correlates with the decrease in
CFU and in the inflammation area. Here we show the increase in
specific T-cell response, which agrees with the later paper that showed
an increase in CD4"TNF-0." cells in animals immunized with rBCG-
LTAK®63, fifteen days after H37Rv infection (19).

The long-term protection induced against tuberculosis can be
associated with other memory T cells such as the TRM cells; KLRG-
1/PD-1 marked T cells are one of the most prominent subsets (16, 17).
TRM cells are non-lymphoid tissue memory cells that were shown to
be induced in BCG only when the vaccine is intranasally delivered (15,
33). They are considered to be highly protective against tuberculosis
(14, 33). Here, the immunization with BCG or rBCG-LTAK63 was
performed subcutaneously. Surprisingly, rBCG-LTAK63 improved the
generation of TRM (Figure 4), which reaches statistical significance at
180 days after immunization. Again, this can be associated to IL-15
production, which also plays an important role in TRM generation and
maintenance (30). It is important to observe that a limitation to this
study subset is in the characterization of the TRM population. While
the expression of PD-1+ KLRGI1- has been used as a marker for TRM,
these cells can also be found in the vasculature, BAL, and parenchyma.
Therefore, in order to confirm that these are actually lung tissue
resident cells, we could include CXCR3 as a marker in vitro or
perform in vivo CD45 labeling.

The T CD8 cell populations did not reveal any significant
differences between BCG and rBCG-LTAK63 (data not shown).
The genetically detoxified LTKA63 protein does not display the
same toxicity as LTA, which is an adenylyl cyclase activator;
however, LTKA63 maintains part of the adjuvanticity of the
original protein. Since neither LTA nor LTAK63 produce cross-
presentation, phagosome scape, or any other CD8-inducing
function, it was not expected that rBCG-LTAK63 would have this
effect. It is important to note that here we do not explore the
influence of rBCG-LTAKG63 on crucial cell populations involved in
tuberculosis protection and protective immunity development (i.e.,
dendritic cells, monocytes, macrophages), and we use a single
gender and mouse strain (34, 35). The next stages should address
these limitations using mice strains with diverse tuberculosis
susceptibility (e.g., CBA, C3HeB/Fe], DBA/2, and 129Sv]),
different animal genders, and evaluating other possible processes
associated with the rBCG-LTAKG63 protective effect.

Overall, our findings show that rBCG-LTAK63 immunization
increased the levels of several memory T cell subsets, which
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correlates with the longer-lasting protection observed against
challenge. These findings suggest that rBCG-LTAK63 can induce a
more durable and stable immune response and protection, which could
address some of the current BCG vaccine issues.
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Tuberculosis (TB) remains a major underdiagnosed public health threat
worldwide, being responsible for more than 10 million cases and one million
deaths annually. TB diagnosis has become more rapid with the development and
adoption of molecular tests, but remains challenging with traditional TB
diagnosis, but there has not been a critical review of this area. Here, we
systematically review these approaches to assess their diagnostic potential and
issues with the development and clinical evaluation of proposed CRISPR-based
TB assays. Based on these observations, we propose constructive suggestions to
improve sample pretreatment, method development, clinical validation, and
accessibility of these assays to streamline future assay development and
validation studies.

KEYWORDS

tuberculosis, diagnosis, CRISPR, point-of-care, challenge and outlook

Abbreviations: Mtb, mycobacterium tuberculosis; TB, tuberculosis; DR, drug-resistant; HIV, human
immunodeficiency virus; PCR, polymerase chain reaction; Xpert, GeneXpert MTB/RIF; CRISPR, clustered
regularly interspaced short palindromic repeats; NA, nucleic acid; SNP, single-nucleotide polymorphisms;
POC, point-of-care; NTM, nontuberculous mycobacteria; NAA, nucleic acid amplification; RPA,
recombinase polymerase amplification; LAMP, loop-mediated isothermal amplification; RR, rifampicin
resistance; RRDR, rifampicin resistance-determining region; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; QUADAS, quality assessment of diagnostic accuracy studies; PAM, protospacer

adjacent motif sequence.
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1 Introduction

It is estimated that one-quarter of the world population is
infected with Mycobacterium tuberculosis (Mtb), and about 10
millions of these individuals develop tuberculosis (TB) annually,
with more than 1 million TB-related deaths per year (1). Further,
the global burden of TB and drug-resistant TB (DR-TB) has
increased by 4.5% and 3% over the past year (1), deviating from
the anticipated reduction rates required to meet the current
schedule of the “End TB” strategy (2).

Early and accurate diagnosis of TB is critical for TB eradication
efforts (3), but TB diagnosis remains challenging, and >35% of the
estimated global TB cases are undiagnosed by current efforts (1, 4).
This includes cases missed by insensitive sputum microbiology
assays and immunoassays (5, 6), individuals who have difficulty
producing diagnostic sputum samples (children, people living with
HIV, extrapulmonary TB cases, or certain neurological
impairments, including Dementia and Parkinson’s disease) (7-
11), people living in remote high TB burden areas (4), and
individuals infected with DR strain who have not undergone DR
screening (1). Invasive (e.g., bronchoalveolar lavage or gastric
aspirate) (12) and non-invasive (e.g., stool) (13) samples can be
used as additional complementary specimens to improve
pulmonary TB diagnosis in Patients that have difficulty producing
expectorated sputum, while additional invasive biopsies are often
required to diagnose extrapulmonary TB. However, these samples
versus sputum may exhibit reduced diagnostic sensitivity and be
more variable and difficult to obtain.

Research is ongoing to develop new TB biomarkers and
detection technologies to enhance TB diagnosis. The application
of new tools has accelerated the discovery of TB biomarkers,
revealing many pathogen-derived biomarkers such as nucleic
acids (Mtb DNA and RNA) and antigens (whole bacilli, cell
components, or metabolites), as well as host-derived markers and
signatures including antibodies, cytokines and chemokines,
transcriptomic, proteomic and metabolic markers, and
hematological effectors (14). However, only a small fraction (4%,
44/1008) of the biomarker candidates screened to date have shown
diagnostic value in validation studies, and only a sputum-based
PCR test for Mtb DNA (e.g., GeneXpert MTB/RIF, Xpert) is
endorsed and promoted worldwide by the WHO for TB diagnosis
(14). Xpert can rapidly diagnose TB with high sensitivity, and
identify the most common form of initial drug resistance, when
used to analyze sputum with high Mtb levels (15), but has poor
diagnostic accuracy with low Mtb concentration (paucibacillary)
samples (16) and for extrapulmonary TB (17). Its high cost also
limits its accessibility in remote areas, which may explain why Xpert
has not increased global TB detection rates (18). There is a pressing
need for more efficient TB diagnostic tests, as described in the
WHO target product profile (14, 19), which should employ easy-to-
use techniques and sensitively detect or quantify TB-specific
biomarkers in non-sputum samples to rapidly diagnose TB and
respond to treatment.

Clustered regularly interspaced short palindromic repeats
(CRISPR) sequence-specific cleavage activity provides a useful

Frontiers in Immunology

10.3389/fimmu.2023.1172035

means to overcome challenges associated with TB diagnosis.
CRISPR/Cas complexes utilize a short guide RNA to bind a
specific target sequence, which activates their cis-cleavage activity
to cut this target sequence and can also induce a trans-cleavage
activity that cuts non-specific sequences while bound to its target
sequence. This trans-cleavage activity can be used to repeatedly
cleavage an abundant reporter oligonucleotide in proportion to the
abundance of the target sequence for signal amplification (20, 21).
CRISPR/Cas activity can thus be used to detect low copy number
targets that differ by single-nucleotide polymorphisms (SNPs) (22,
23) to accurately detect trace nucleic acid (NA) or non-NA targets
(24, 25) in complex clinical samples, including SNPs associated with
microbial DR (26). CRISPR systems call also be easily integrated
into portable platforms suitable for point-of-care (POC) testing
(27-29). These features provide the opportunity to create CRISPR
diagnostic platforms for cross-over the barriers of TB finding.

Several groups have realized the potential of CRISPR-based
assays to overcome weaknesses associated with current tests
employed for TB diagnosis (30-43). However, their studies largely
ignore the drawbacks and challenges of CRISPR-based TB
(CRISPR-TB) assays for methodology development and clinical
validation studies, as these applications are still in their infancy.
Here, we systematically reviewed current CRISPR-TB assays to
identify their weakness, describe potential barriers to their future
adoption, and propose steps that should be taken to enhance the
development and translation of these assays.

2 Summary of current CRISPR-TB
assay research

Fourteen studies have employed CRISPR to diagnose TB, identify
DR-Mtb strains, and distinguish Mtb from nontuberculous
mycobacteria (NTM) species that may produce similar symptoms
but require different treatments (Figures 1A, SI). Most of these
studies were published after 2019, indicating the recent nature of
most of the interest in using CRISPR assays for TB diagnosis.

2.1 CRISPR-TB assay methodologies

Most reported assays still adhere to the original design
paradigm of CRISPR assays, where CRISPR-based signal
amplification is performed after an exponential nucleic acid
amplification (NAA) step (21, 44, 45). This assay design detects
trace levels of target NA sequences in clinical specimens to yield
high analytical sensitivity (30, 34, 36, 41), but can prolong run times
(> 1h) (32, 33, 36, 39, 40, 43) (Figure 1A) and increase the risk of
cross-contamination if amplified target NA sequences are
transferred to separate CRISPR reactions. Most of these CRISPR
assays employ recombinase polymerase amplification (RPA) or
loop-mediated isothermal amplification (LAMP)-based isothermal
amplification reactions for NAA to avoid the need for a
thermocycler, which can facilitate the development of POC
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A
Qualitative/  Time LOD s Clinical
No. Target NAA Cas Steps Output quantitative (min)* (copyltest)* Scope’ specimen Ref.
1 16SrRNA PCR dCas9 Two Fluorescent Qualitative UR 1 Diagnosis No 30
2 1S6110 RPA Cas12a Two Fluorescent Qualitative ~50 12.5 Diagnosis Yes 31
3 rpoB PCR Cas12a Two Fluorescent Qualitative ~ ~ 120 1.6x10° Typing (s\t(r‘:isn) 32
4 1S1081 RPA Cas12a Two Fluorescent Qualitative ~ ~ 120 2700 Diagnosis Yes )
5 IS6110 RPA Cas12a Two Fluorescent Qualitative >40 1 Diagnosis Yes 34
6 psl RPA Cas12a Two Fluorescent Qualitative >45 UR DR screen (s\t(rZisn) 35
7 IS6110 LAMP Cas12b Two Fluorescent Qualitative >80 2.6 Diagnosis Yes 36
8 IS6110 LAMP Cas12a Two Fluorescent/strip Qualitative >45 10 Diagnosis Yes 37
9 rpoB PCR Cas9 Two Fluorescent Qualitative ~ 60 UR DR screen No 38
10 gyrA PCR Cas13a Two Fluorescent Qualitative >80 1 copy/uL™ DR screen (s\t(rZiSn) 39
11 16S rRNA - Cas9 One Electrochemical Quantitative ~150 30 CFU/mL* Diagnosis No 40
12 1S6110 F};%i/ Cas12a Two Fluorescent/strip Quantitative B 52/26 1.2 Diagnosis Yes 41
13 16S rRNA - Cas9 - Fluorescent Quantitative  ~ 120 20 CFU/mL* Diagnosis No 42
186110
14 and F';%T\I Cas12a Two Fluorescent/strip Qualitative 1(?3?{, 0.01 GE/test Diagnosis Yes 43
151081
"Turnaround time without nucleic acid extraction step, and it is recalculated according to the original study. ™ The turnaround time varies
depending on the amplification technology and signal output mode.
#The limit of detection (LOD) of the proposed assay is converted to a unified measure (copy/test) based on the original study for comparing
between reported methods. # Raw data reported directly.
$The proposed study mainly focused on tuberculosis (TB) diagnosis, Mycobacteria typing, and drug-resistance (DR)-TB screen.
B C
Lo . - ) CRISPR-TB Assay
[ Highrisk of bias [ Unclear I Low risk of bias Study itivity (95% CI) (95% CI)
Design Case-control [ Cohort | EZ; gl — —
Sampling | Convenience | | Gonsectinve | s:; 431? (cohort 1) — _
Negative Ref. 41 (cohort 2) —+—+—+—+— —+—+—+—+—
pogmation . HC,DC | [ op | ¢ ) 0020406081 00204 06 08 1
. . Xpert MTB/RIF
Timing Retiospective | Study Sensitivity (95% CI)  Specificity (95% Cl)
Reference | Ref. 21 = —
Standard Culture based | Ref 34 . = o
inding = Blinded Ref. 36 - —
Blinding | e | Ref. 41 (cohort 1) — -
d 3 ; Y H Ref. 41 (cohort 2) | = 4 —+—+—+—+—1
0% 20% 40% 60% 80% 100% 002040608 1002040608 1
FIGURE 1

Current CRISPR-TB assay parameters and performance. (A) Methodological details of 12 studies employing CRISPR-TB assays. (B) Summary of
QUADAS assessment results for the risk of bias in assessing data quality. Nine studies performed clinical sample evaluations (answers to QUADAS
questions are listed in Table S1). The bar length reflects the frequency of an answer for each question. DC, disease contacts; DR, drug-resistant; HC,
healthy control; LAMP, loop-mediated isothermal amplification; LOD, the limit of detection; NAA, nucleic acid amplification; OD, other diseases;
PCR, polymerase chain reaction; RPA, recombinase polymerase amplification; UR, unreported. (C) Forest plot for the sensitivity and specificity of the
CRISPR-TB assay and GeneXpert MTB/RIF (Xpert) results when compared with a composite reference standard. Details of the ten clinical specimen
or strain validation studies, including control group information and diagnostic performance, are summarized in Table S2

applications. However, many of these assays also generate
fluorescent signals that require additional equipment to read and
are thus less suitable for use in remote and resource-limited areas
without the development of simple readout devices, although lateral
flow strip-based visual readout approaches can present a good
alternative for qualitative assays (37, 41, 43).

Proposed assays tend to employ Mtb-complex specific multi-
copy genes (IS6110 and IS1081) as diagnostic targets as it provides
higher diagnostic sensitivity (31, 33, 34, 36, 37, 41, 43) and several
also detects changes in the rifampicin resistance (RR)-determining
region (RRDR) of the rpoB gene (32, 38) to screen for drug
resistance, since this region is altered in 95% of RR-TB cases, and
most (>78%) multi-DR TB (MDR-TB) cases (1, 46). However, other
Mtb-complex specific sequences in single or multi-copy genes (16s
RNA) can also be used for TB diagnosis, while DR-related
mutations in other genes (rpsl and gyrB) can be employed to
predict resistance to other drugs used for TB treatment. It is
worth noting that the sequence conservation among Mtb complex
species (>99%) (47) poses a challenge when attempting to
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distinguish individual Mtb complex species. CRISPR assays can
have single base specificity, but many of the current TB assays use
IS6110 as a target and this sequence has also been detected in all
Mtb complex species analyzed by these assays (M. bovis, M. bovis
Bacillus Calmette-Guerin, M. africanum, and M. microti) (31, 37)
Further work is therefore required to identify targets that can
distinguish distinct Mtb complex species where this information
would influence treatment decisions.

2.2 CRISPR-TB assay study quality

Well-designed clinical studies are required to evaluate the
diagnostic performance of newly developed assays but have yet to
be performed for most CRISPR-TB assays (Figure 1B and Table S1).
Only ten studies have analyzed clinical samples, including three
studies that used clinically isolated strains instead of patient samples
(Figure 1A). All of these seven studies exhibit high bias using a
modified Quality Assessment of Diagnostic Accuracy Studies
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(QUADAS) evaluation (14) (Table S1) primarily due to their
retrospective and case-control designs, lack of consecutive
sampling, and the use of controls that can inflate accuracy
estimates (Figure 1B). These studies included 1219 individuals,
most of whom (74%) were from China, and a substantial fraction
(41%) of these individuals lacked reported demographic
information and/or clinical characteristics, preventing an accurate
assessment of the potential impact of population heterogeneities
and comorbidities.

2.3 Diagnostic performance of CRISPR-TB
assays

Nine of the ten studies provided at least one microbiological test
result from Mtb culture and Xpert or had a clear clinical diagnosis
to permit accurate assessment of the diagnostic performance of the
proposed CRISPR-TB assay, but only four studies (involving five
cohorts) were able to provide definitive Xpert results for
methodological comparisons (Table S2 and Figure 1C).
Unsurprisingly, CRISPR-TB assays tended to have higher
diagnostic sensitivity than Xpert, with comparable or slightly
decreased specificity, in most of these studies (Figure 1C),
although these differences did not achieve significance, likely due
to the limited number of individuals in these studies. However,
CRISPR-TB assay sensitivity was significantly higher than Xpert
(80.5% vs. 57.1%, p<0.05) for clinical TB cases with smear-negative
sputum results (36). Further, CRISPR-TB assays have significant
advantages over conventional tests when employed to analyze
specimens that have low Mtb concentration (30), and thus be
particularly useful in populations where this is a known problem
(e.g., young children, patients living with HIV, etc.). For example,
conventional TB assays exhibit very poor diagnostic performance
(48, 49) in children living with HIV, representing a worst-case
scenario for these assays. However, a CRISPR-based blood test for
cell-free Mtb DNA diagnosed 83.3% of the children diagnosed with
TB by microbiological finding or clinical algorithm, while Xpert
sputum results identified only 14.5% of these children
(Figure 1C) (41).

3 Challenges and outlook for CRISPR-
TB assays

CRISPR assays are highly sensitive and specific, programmable,
and easy-to-use. These features allow the ultra-sensitive detection of
NA targets present at trace levels in complex samples, rapid target
switching with different gRNA, and the development of streamlined
assay platforms that can be operated in resource-limited settings.
However, these properties, which have been extensively employed
with assays for other diseases, appear to be underutilized in assays
intended for TB diagnosis. As demonstrated in section-two, the
methodologies of current CRISPR-TB assays are rudimentary, and
high-quality clinical valuation studies are lacking.
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3.1 Sample preparation for CRISPR analysis

Most CRISPR-TB assays employ column extraction protocols
that involve multiple liquid transfers that confer a high risk for
cross-contamination, and simple and efficient NA extraction
procedures are not currently employed to avoid this issue.
CRISPR assays are highly resistant to inhibitory components, and
could, in theory, analyze specimens that have been subjected to
chemical reduction or heating steps to inactivate nucleases and
release target NAs from pathogens in these samples (31, 50). This
would dramatically simplify sample handling and reduce
contamination risks and facilitate the development of POC tests,
although this approach could also reduce analytical sensitivity due
since the approach would not concentrate sample NAs like
conventional isolation procedures, and since inhibitory factors
present in these lysates could attenuate target amplification in
NAA-coupled CRISPR reactions.

Nano-/micro-technology may provide a means to balance assay
sensitivity with streamlined sample processing approaches. For
example, rapid procedures that enriched NAs using magnetic
nanobeads (51) or fibrous materials (52, 53) can efficiently adsorb
released SARS-COV-2 RNA for in situ target amplification without
an elution step. Similarly, a microfluidics device that uses an electric
field gradient to rapidly separate free SARS-COV-2 RNA (54) from
other factors by isotachophoresis can significantly improve
detection efficiency and diagnostic performance. However, while
these approaches have been successful in SARS-COV-2 assays using
sample lysates, significant optimization may be necessary to employ
these methods for TB diagnosis, since Mtb lysis and nuclease
deactivation steps may require more stringent conditions due to
the structure and composition of the Mtb cell wall, and greater
potential nuclease contributions from Mtb and its diagnostic
clinical specimens. Further, optimized sample preparation
procedures may need to be established for different specimen
types (e.g., blood, urine, cerebrospinal fluid, stool, etc.) to permit
their use in clinical applications. Incorporating the detection of
non-sputum specimens into the scope of CRISPR diagnostics will
maximize its ultra-sensitive properties and increase the
microbiological confirmation rate of TB, which is a challenge for
traditional NAA techniques.

CRISPR assays can also be used to sensitively detect non-NA
targets using well-designed approaches where the binding of a
functional NA reagent (e.g., aptamer/target NA complex) to a
non-NA target releases a target NA sequence recognized by a
CRISPR assay (24). CRISPR-TB assays could thus also potentially
detect novel non-NA TB biomarkers in noninvasive or minimally
invasive samples, such as Mtb-derived peptides or LAM in blood
(55) or urine (56). Such approaches could provide additional
opportunities to diagnose extrapulmonary TB, pediatric TB, and
HIV-positive TB cases (57, 58) who are typically diagnosed with
reduced sensitivity by standard methods and who are at increased
risk for TB-related mortality. However, given the low and highly
variable levels of valuable biomarkers in different samples,
differentiated and efficient sample pre-treatment protocols may be
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required for different types of non-NA markers and different
sample types. In addition, it may be critical to construct signal
transduction systems with high matrix tolerance and compatibility
with non-NA marker types to convert non-NA markers not
identified by the CRISPR system into recognizable NA signals.

3.2 CRISPR assay workflow optimizations

Current CRISPR-TB assays typically utilize a separate NAA step
to simplify assay development, but this increases the complexity,
completion time, and contamination risk of the assay. The NAA
and CRISPR reactions can be integrated into a single tube if an
external force (e.g., centrifugation) is used to introduce CRISPR
reagents after completion of the NAA step to avoid the potential for
aerosol contamination during the addition of these reagents (59),
although this still requires the use of consecutive NAA and CRISPR
reactions that increase the sample-to-answer time of the assay.

Simultaneous NAA and CRISPR reactions can be performed in
integrated NNA-CRISPR assays that use isothermal RPA or LAMP
reactions for target amplification, which can simplify assay
workflows to reduce assay performance times while avoiding the
risk of contamination (51, 60, 61). However, such integrated NAA
CRISPR reactions can also reduce detection sensitivity, since their
buffer conditions may be suboptimal for both reactions and since
these reactions are in direct competition (target amplification versus
target cleavage), leading to assay designs that favor the NAA
reaction to allow target accumulation over CRISPR cleavage and
target detection.

It is also possible to eliminate the NAA step to simplify assay
workflows and reduce reagent costs and the risk of cross-
contamination, but it can significantly reduce assay sensitivity and
thus necessitate the use of an ultrasensitive signal readout (62-65)
or amplification system (66, 67) to detect weak signals produced in
response to low concentration NA targets.

Thus, a CRISPR assay design must consider the workflow and
diagnostic performance requirements for its intended application.
For example, assays designed to have high diagnostic performance
for paucibacillary TB cases (extrapulmonary TB, pediatric TB, and
HIV-positive TB) may sacrifice procedure simplicity for sensitivity,
while an assay intended as a POC test for TB diagnosis in the
general population may prioritize a streamlined workflow over
ultrasensitive detection.

3.3 Multiplex assays, target constraints, and
quantitative assay readouts

Current CRISPR assays typically detect a single target and are
non-quantitative. However, assays that detect a single target may
produce false negatives due to strain-specific sequence variations.
For example, a test that targets the multi-copy IS6110 insertion
element should produce false negative results for Mtb strains that
lack this insertion element (68, 69). Similarly, single target assays for
DR-TB may miss alternate mutations in a gene associated with drug
resistance and cannot detect mutations in other genes that confer
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resistance to other important drugs employed in anti-TB treatment
regimens. For example, a test for DRTBRB targeting the RRDR
fragment of rpoB to detect major mutations associated with
rapamycin and rifabutin resistance could miss MDR-TB cases
that lack these mutations (70).

Multiplex CRISPR assays could help address these issues, but
are technically challenging to develop as single reaction tests since
the trans cleavage activities of the CRISPR/Cas variants used for
signal readout in the most popular and sensitive assays lack strong
sequence specificity. Single-reaction multiplex CRISPR assays that
employ multiple Cas proteins with distinct trans-cleavage substrate
preferences have been proposed to address this issue, but no more
than four targets can be detected in one reaction due to the limited
number of Cas proteins with differential cleavage preferences (22),
and even among these proteins there is the potential for significant
off-target cleavage and the need to optimize an assay for all
four activities.

Microfluidic- or micro-droplet-based approaches may
represent a better option for multiplex CRISPR assays as they can
perform large numbers of distinct single-target tests in spatially
separated regions to avoid target/reporter crosstalk difficulties while
simultaneously detecting hundreds or thousands of distinct NA
targets (71, 72).

Sequence considerations can also influence which specific target
regions can be analyzed in a CRISPR assay, which can present a
challenge when an assay must detect a specific sequence associated
with a phenotype type of interest (e.g., a SNP associated with
resistance to a specific drug). Most CRISPR/Cas systems used for
sensitive NA detection require that their target NAs contain a
protospacer adjacent motif (PAM) sequence, which is problematic
when a sequence of interest does not contain this motif. This issue
can be partially addressed by using NAA primers to introduce a
PAM sequence into amplicons that contain the sequence of interest
(61). However, there are limitations to this approach as this PAM
sequence must be introduced in close proximity to the sequence of
interest with minimal primer mismatch, and some PAM
optimization may be required to obtain specificity for a SNP of
interest. An alternate solution is to screen for or bioengineer Cas
protein variants that exhibit fewer PAM constraints (73). Cas14 can
recognize and cleave single-stranded DNA targets that lack PAM
sequences (74), and could serve as a template for the design of new
CAS proteins that lack a PAM sequence requirement.

Quantitative CRISPR assays are also necessary to rapidly
determine Mtb burden and its real-time response to anti-TB
therapy as a measure of disease severity and treatment efficacy
(41). Standard curves can be used to quantify Mtb DNA levels in
clinical specimens but can produce highly variable results when
analyzing samples that contain only trace amounts of a target
sequence (41). CRISPR assays that employ digital droplet
technology to achieve absolute quantification can circumvent this
problem (23, 75-80), but this approach requires additional
equipment and resources. Smartphones have the signal
acquisition and data processing properties required for portable
quantitative assays suitable for use in resource-limited areas, and
their network connectivity also provides a convenient means for
data reporting for disease control efforts. Thus, the combination of
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CRISPR-based TB assays and smartphone-based readout devices, or
other similar portable devices, has the potential to increase the
capacity for TB screening and treatment monitoring.

3.4 Clinical validation studies

CRISPR-TB assays have exciting potential to improve TB
diagnosis and management, but their translation as clinical
applications require their validation in well-designed, adequately
powered, and multicenter prospective clinical studies, which have
not been conducted for any of the CRISPR-TB assays that have been
reported to date. Such studies should ideally include cohorts of
extrapulmonary TB, pediatric TB, and HIV-positive TB cases, as
these individuals would most benefit from early diagnosis and
treatment initiation to reduce their high mortality rates. These
studies should also evaluate the relative utility of CRISPR-TB assay
results obtained from several types of noninvasive or minimally
invasive patient specimens (e.g., urine, stool, fingerstick blood
samples) for TB diagnosis in different populations, and for their
potential application as CRISPR-TB assays intended for use in
resource-limited settings where obtaining sputum or invasive
specimens can be difficult or infeasible. Moreover, given the high
sensitivity CRISPR, it is recommended that these clinical evaluation
studies employ a composite criterion to identify the TB-positive and
TB-negative individuals, since the use of a single standard
diagnostic method may misdiagnose TB cases, particularly in
extrapulmonary, pediatric, or HIV-positive cohorts to skew
CRISPR-TB assay sensitivity and specificity estimates.

10.3389/fimmu.2023.1172035

3.5 Assay accessibility

Future studies should also focus on improving the accessibility
of CRISPR-TB assays, as limited clinical laboratory resources or
infrastructure may reduce access to or capacity for TB diagnostic
tests in areas with high TB incidence and prevalence rates. Such
assays should ideally integrate a rapid NA extraction method into
the CRISPR-TB assay and employ a rapid and streamlined
procedure that does not require significant additional equipment
to perform. Ideally, such assays would integrate all their procedures
into a single streamlined assay platform (e.g., a microfluidic chip or
a test strip) in a direct sample-to-result assay format that would not
require technical expertise or any equipment for sample processing
or assay readout. Such integrated platforms could potentially be into
wearable devices, such as masks (27), for streamlined real-time
assessment TB assessment (81). Negative and positive controls
should be incorporated into these platforms to permit immediate
evaluation for adverse storage and contamination effects and other
confounding factors that could decease the accuracy of assay results.

CRISPR-TB assays intended for use in remote and resource-
limited areas should also account for the transport and storage
conditions these assays will likely face, ideally during their initial
development phase, since cold chains are often difficult to maintain
in areas with high TB burden. Lyophilized CRISPR reagents can be
stored for months at four degrees and weeks at room temperature
without significant performance decreases (28, 82). However, assay
developers should also determine the stability of a CRISPR-TB
assay at the more variable ambient temperatures these assays might
be likely to encounter in areas without temperature control. The
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Swab pretreatment
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FIGURE 2

Characteristics desired for future CRISPR-TB assays. Future CRISPR-TB assays should ideally analyze noninvasive or minimally invasive diagnostic
specimens (e.g., breath aerosol, saliva, sputum, swab, blood, urine and stool samples) and employ an integrated platform with lyophilized reagents to
minimize cold chain concerns. These assays should integrate sample treatment and target detection reactions in a streamlined workflow to provide
assay results within minutes. The assay readout should also provide quantitative results when read by a smart terminal, and this device should be
able to report these results to a central system to facilitate TB control efforts or telemedicine interventions. Mtb, Mycobacterium tuberculosis.
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efforts will also be required to promote the large-scale production of
key reagents, such as Cas proteins, to reduce assay development and
production costs and to shorten distribution distances, which will
require a streamlined licensing procedure for the relevant patents,
as has been done for NAA reagents.

4 Perspective on new CRISPR-TB
assay development

In summary, CRISPR-TB assays have strong potential to
improve the TB diagnosis of TB, but clinical validation studies
are required to allow regulatory approval and commercialization for
TB diagnosis and treatment evaluation. Substantial refinements are
usually also required to translate an initial proof-of-concept
CRISPR-TB assay suitable for use in a research laboratory to a
clinical application that can be employed at a large-scale in clinical
laboratories, clinics, or POC settings. We propose that future
CRISPR-TB assays (Figure 2) should ideally employ an integrated
platform for sample processing, NA enrichment, and coupled NAA
and CRISPR detection that contains lyophilized reagents to
minimize assay cold chain concerns. Such platforms should
evaluate noninvasive or minimally invasive diagnostic specimens,
employ streamlined workflows with rapid sample-to-result times,
and employ a readout that can be quantified by a smart terminal
that can report results to a central system to aid in TB control efforts
or telemedicine interventions. We believe maturing CRISPR-TB
assay approaches represent a powerful means of addressing current
TB diagnosis and treatment evaluation challenges required to
achieve the goals of current TB eradication efforts. Mature
CRISPR-TB assays may also prove valuable in non-clinical
applications, such as screening for active Mtb or Mtb complex
infections in domestic livestock or wildlife populations (83, 84) as
has been done with Xpert. This would be particularly valuable is
these analyses could employ blood or fecal specimens to simplify
sample collection or population level screening efforts.
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Although tuberculosis (TB) remains one of the leading causes of death from an
infectious disease worldwide, the development of vaccines more effective than
bacille Calmette-Guérin (BCG), the only licensed TB vaccine, has progressed
slowly even in the context of the tremendous global impact of TB. Most vaccine
candidates have been developed to strongly induce interferon-y (IFN-y)-
producing T-helper type 1 (Thl) cell responses; however, accumulating
evidence has suggested that other immune factors are required for optimal
protection against Mycobacterium tuberculosis (Mtb) infection. In this review, we
briefly describe the five hurdles that must be overcome to develop more effective
TB vaccines, including those with various purposes and tested in recent
promising clinical trials. In addition, we discuss the current knowledge gaps
between preclinical experiments and clinical studies regarding peripheral versus
tissue-specific immune responses, different underlying conditions of individuals,
and newly emerging immune correlates of protection. Moreover, we propose
how recently discovered TB risk or susceptibility factors can be better utilized as
novel biomarkers for the evaluation of vaccine-induced protection to suggest
more practical ways to develop advanced TB vaccines. Vaccines are the most
effective tools for reducing mortality and morbidity from infectious diseases, and
more advanced technologies and a greater understanding of host-pathogen
interactions will provide feasibility and rationale for novel vaccine design
and development.

KEYWORDS

Mycobacterium tuberculosis, next-generation TB vaccines, immune correlates,
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1 Introduction

Tuberculosis (TB), one of the deadliest infectious diseases, is
caused by Mycobacterium tuberculosis (Mtb) and was responsible for
approximately 1.6 million deaths in 2021 (World Health Organization.
Global TB Report 2022). A single licensed TB vaccine called bacille
Calmette-Guerin (BCG) has been employed for human use since 1921,
and the degree of protection afforded by BCG vaccination varies in
different regions of the world (1). Although the protective efficacy of
BCG against severe TB forms such as TB meningitis and disseminated
extrapulmonary TB before adolescence is well documented, worse
protection with highly variable efficacies in individuals of all ages
against pulmonary TB continues to be a serious concern (2, 3). Despite
the global use of BCG for over 100 years, approximately a quarter of the
world’s population is considered to have latent Mtb infection. Thus, the
development of new TB vaccines that provide greater protection than
the BCG vaccine, with the aim of preventing pulmonary TB, is critical
for all age groups.

More than 20 TB vaccine candidates with various purposes have
entered clinical trials, and 14 candidates are being actively evaluated.
However, the unsatisfactory outcomes (for example, the MVAS5A
and AERAS-422 trials) (4-6) prompt us to try to further understand
the complexity of the key protective immune response to Mtb
infection and the way to develop vaccines that afford lifelong
protection. These trials highlight our current knowledge gaps about
protective correlates and controlling factors that can affect vaccine
efficacies and outcomes. In this review, we discuss five points that
should be considered in the individual stages of vaccine development,
from the proposal of novel concepts for next-generation TB vaccines
to considerations for practical development.

2 The first hurdle: purpose of vaccines
2.1 Prevention of infection

A vaccine developed for the prevention of infection (POI), given
prior to Mtb exposure, should control the incipient infection stage.
With much higher rates of infection than evident TB disease in
endemic settings, POI trials are shorter and less costly than
prevention of disease (POD) trials (7, 8). Therefore, the POI trial
can be used as a viable opportunity to understand the mechanisms of
vaccine efficacy in humans, providing a platform to select lead
candidates for further testing. A major challenge is that there is no
available standardized test to measure directly the acquisition,
persistence, and clearance of asymptomatic Mtb infection.
Currently, assessment of Mtb infection mainly relies on alterations
in specific T-cell responses induced after Mtb infection. One of
the commercial interferon (IFN)-y release assay (IGRA),
QuantiFERON-TB Gold In-Tube (QFT), measures immunological
sensitization to Mtb as a biomarker for Mtb infection. Compared to
persistent QFT negatives, recent negative-to-positive QFT tests are
associated with higher rates of Mtb infection. Therefore, it may be
ideal for conducting clinical trials of prevention of Mtb infection
(POI) by novel vaccines using QFT transformation as an efficacy
endpoint. A positivity cutoff IFN-y value (0.35 IU/ml) for QFT
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conversion is recommended by manufacturers and CDC (9), but
the immunological and analytical variability of QFT tests potentially
confounds the interpretation of QFT conversion as a clinical trial
endpoint (10, 11). Although the tuberculin skin test (TST) can be
used as an alternative method for detecting Mtb infection, since
specificity is reduced by BCG vaccination or nontuberculous
mycobacteria (NTM) infection, novel diagnostic methods for
successful clinical results must be developed.

2.2 Prevention of disease

A POD vaccine can be administered either pre- or post-
exposure to protect against disease progression after actual Mtb
infection. Knight et al. reported epidemiological modeling
suggesting that adolescents or young adults are the most effective
targets for POD vaccination (12). According to this model, due to
children having lower rates of TB notifications, lower proportions
of smear-positive pulmonary TB, and making a smaller
contribution to TB transmission, a novel TB vaccine targeted at
infants shows a reduced immediate impact compared to one
targeted at adolescents/adults. Vaccines targeting infants prevent
a relatively small number of active cases, resulting in fewer
secondary cases being prevented. In contrast, vaccines targeting
adolescents/adults directly affect the population with the greatest
burden of active TB, such as 10-year-olds vaccinated in schools and
those individuals reached in mass campaigns, which leads to a
reduction in transmission. Although most vaccine candidates in
clinical phases aim to prevent TB disease, POD trials require more
time and higher costs than POI trials because of the much lower rate
of TB disease than Mtb infection (8). Nevertheless, POD trials can
directly reveal Mtb infection because the evaluation is performed by
measuring clinical symptoms, chest X-ray, and direct Mtb culture
from clinical samples. A recent POD trial with the candidate M72:
ASOlg TB vaccine (phase 2b) was conducted in Kenya, South
Africa, and Zambia. Efficacy analysis was conducted on a total of
3,283 subjects, and after a period of approximately 2.3 years, the
incidence of pulmonary TB was significantly lower in the M72:
ASO1E group than in the placebo group (13). In this trial, M72:
ASO1E group showed 54% vaccine efficacy among persons already
infected with Mtb, but due to the inclusion of predominantly BCG-
vaccinated Mtb-infected adults, it was not possible to determine the
extent to which infection-generated or childhood BCG vaccination-
elicited responses influenced vaccine efficacy. Similarly, a 3-year
extended follow-up study demonstrated 49.7% protection by M72:
AS01g among people already infected with Mtb (14), indicating that
vaccine-induced protective immune responses were maintained for
at least 3 years. With these promising findings, broader applications
to diverse ethnic populations in different geographic settings will be
required to conduct reliable clinical trials for POD.

2.3 Prevention of recurrence

Vaccines aimed at the prevention of recurrence (POR) are
administered during antibiotic therapy to prevent the recurrence
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of TB. TB recurrence generally occurs in approximately 2 to 8% of
TB patients even after treatment completion, and the recurrence
rate depends on the absence or presence of cavities, bacterial
burden, treatment frequency per week, type of antibiotics used
and transmission rate. As most cases of recurrent TB disease
develop within one year after treatment completion, the targeted
populations of POR trials can usually be designated (8), but trial
design is complicated due to the long-term treatment period and
intervention timing. Multiple promising candidates currently under
evaluation for POR include the H56:IC31 and ID93:GLA-SE
subunit vaccine candidates, which were noted to prevent
reactivation or restrict progression to severe disease in nonhuman
primates (NHPs) (15, 16), and the recombinant BCG vaccine
candidate VPM1002.

Due to the characteristics of TB, a large number of subjects for
trials are needed because approximately 10% of infected individuals
are at the onset of the disease. In addition, long-term monitoring is
required because the timing of onset is different for each individual.
These characteristics make the rapidly increasing economic
problem more difficult as the number of clinical trial subjects and
the test period increases. Therefore, to overcome these problems, it
is important to recruit a reasonably sized experimental group and
set endpoints according to the purpose of the experiment, and it is
important to discover a correlate of protection (COP) that can
predict vaccine efficacy, which will be addressed later in this review.

3 The second hurdle: a gap
between experiments and
the natural history of TB

Current concepts for the development of TB vaccines depend
on experiments emphasizing T-helper type 1 (Thl)-biased
immunity, based on early observations (17). For successful
vaccine development, an appropriate vaccine model and
translation to evaluate vaccine candidates is essential. Therefore,
factors such as which animal model to select, which strain of Mtb to
use for infection, and which dose to use for challenge are important.

3.1 Mtb infection dose

According to reports, the infection dose that causes TB disease
is 1-200 colony-forming units (CFU). TB is transmitted via droplets
containing Mtb generated through coughing or sneezing, and the
number of droplets generated through a single cough is
approximately 1-400 CFU (18, 19). According to another study of
TB patients, the average number of aerosolized CFU generated by
coughing for 5 minutes was 16 (20). When an individual is infected
with Mtb, the actual infection dose may be much lower than the
number of bacteria released by coughing because not all aerosols
generated by the infected person are inhaled. In addition, it has been
reported that symptomatic TB patients release Mtb aerosols not
only by cough but also by exhalation, with an aerosol size of 0.5-5
pm, showing that actual infection can be achieved in the context of
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a sustained low-dose of bacteria (21, 22). However, animal models
for vaccine research in the preclinical stage can be established
through a single, sufficient infection dose and used to evaluate
vaccine efficacy. It is unclear whether the reduction in the bacterial
burden by vaccination in the context of single-dose infection is a
good predictor of actual clinical vaccine performance. This single-
dose challenge could overwhelm or bypass the relevant
immunological cascade and mask the full potential of candidate
vaccines (23). In a mouse model, ultra-low-dose aerosol infection
with 1-3 CFU resulted in characteristics more similar characteristics
to human TB, such as highly heterogeneous bacterial burdens and
well-circumscribed granulomas, than conventional-dose infection
with 50-100 CFU (24). Recently, Dijkman et al. tested the efficacy of
pulmonary BCG vaccination in a rhesus macaque model with a 1
CFU Mtb infection every day for 11 days and noted the importance
of Th17 cells and IL-10 (25). This study does not represent all
situations in which infection occurs, but it does provide a model
that accounts for specific persistent and practical infection
situations, such as household contacts. These studies suggest that
it is necessary to reconsider the infection dose used in preclinical
vaccine studies.

3.2 Experimental models

Most individuals who become infected can remain
asymptomatic for a long time. Although environmental, cultural,
geographical, and contextual characteristics can affect whether
infection occurs, TB susceptibility due to host genetic differences
has been reported as one of the determinants of TB disease (26). In
the case of TB studies, more than 60% of preclinical studies have
used mouse models, susceptibility to Mtb differs depending on the
mouse strain. The most widely used C57BL/6 mice or BALB/c mice
have relatively low susceptibility, whereas DBA/2, CBA/J, I/St, C3H,
and A/J strains have relatively high susceptibility (27). In addition, it
has been reported that necrotic granulomas found in patients with
active TB are not formed in BALB/c or C57BL/6 mice, whereas they
are formed in the TB-susceptible mouse strains I/St and C3H (28,
29). Recently, it was confirmed that human-like necrotic
granulomas were formed by Mtb infection in a humanized mouse
model, and caseous necrotic granulomas showed an immune
phenotype and spatial organization similar to those observed in
TB patients (30). Arrey et al. presented the utility of this model for
the evaluation of a preclinical model of anti-TB drugs in an in vivo
environment. Zelmer et al. immunized different strains of inbred
mice, such as A/J, DBA/2, C57BL/6, and 129S2, displaying different
susceptibilities to Mtb with BCG (31). Smith et al. used a
“collaborative cross” model system created by crossing inbred and
outbred mice to understand the broader host genetic susceptibility
spectrum and for use in vaccine efficacy testing (32). These models
can confirm the genetic immunological correlation associated with
TB vaccine efficacy and can simultaneously be used to identify
potential improvements and key defense factors for the
development of a robust TB vaccine.

To date, most studies with NHPs have been used to model only
acute TB, which is much less prevalent than latent TB in humans
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(33). Rhesus macaques develop active TB in approximately 90% of
the infected population, whereas cynomolgus macaques develop
active TB in only 60% of the infected population. It has also been
reported that BCG showed a higher protective efficacy in
cynomolgus macaques than in rhesus macaques (34). Rhesus
macaques and cynomolgus macaques can develop acute, chronic,
or latent TB depending on the route of infection, dose, and Mtb
strain used for inoculation.

Vaccine trials employing the NHP model are expensive, but
they can serve as a checkpoint for clinical trials, resulting in
significant cost savings. Areas-402 induced a strong T-cell
response but did not protect rhesus macaques against infection
with 200 CFU of Mtb Erdman (35). Conversely, a clinical study of
MVAB85A without efficacy evaluation was performed with the NHP
model, and although it was expensive, the efficacy was not proven in
the clinical stage (36, 37). These results suggest that validation of
efficacy for TB vaccines via the NHP model to enter the clinical
stage may accelerate TB vaccine development.

In an evaluation of vaccine efficacy in animal models, the
bacterial burden between vaccinated and non-vaccinated groups
is one of the key factors. Previous studies have demonstrated the
presence of non-replicating bacterial populations in sputum
samples obtained from TB patients (38, 39). These non-
replicating subpopulations have been attributed to the existence
of persister-like bacilli in a non-replicating state (39). Even in
preclinical TB vaccine models, nonculturable or persistent
mycobacterial subpopulations may arise due to immunological
pressures resulting from the characteristics of the vaccine
candidate or vaccine model, which can hinder the accurate
evaluation of vaccine efficacy. Resuscitation-promoting factors
(Rpfs) are bacterial proteins which are primarily identified by
their ability to resuscitate nonreplicating cells in vitro and in vivo
(40, 41). It has been reported that non-replicating bacteria in a
patient’s sputum can be revived by Rpfs and the culture time can be
shortened (42, 43). The application of Rpfs to bacterial culture in
conventional media has the potential to reduce errors in vaccine
efficacy evaluation that can be caused by nonculturable or
persistent subpopulations.

3.3 Translation and interpretation:
differential analysis of samples between
humans and animals

NHPs show anatomical and physiological similarities with
humans as well as a wide range of clinical symptoms of TB,
including pulmonary and extrapulmonary signs and symptoms.
The NHP model enables the analysis of infected tissue, which is
difficult in clinical stages, and at the same time, the disease course
can be monitored by measuring parameters on radiographic images
and examining body fluid samples, which can also be performed in
humans. In addition, the NHP model allows the use of computed
tomography and positron emission tomography to observe the
progression of Mtb infection to disease in an individual (44). In
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the clinical phase, blood samples are used to measure
immunogenicity. Currently, the Ag-specific T-cell response,
multifunctionality of the Ag-specific T-cell response, and Ag-
specific IgG antibody titers are commonly evaluated to
demonstrate immunogenicity after vaccination (Table 1).
However, in the case of vaccine candidates, when the efficacy is
evaluated through animal experiments, the analysis is not based on
blood but rather on tissues, such as lung, spleen, and lymph nodes.
Therefore, it is difficult to apply COPs from tissue-based analysis in
preclinical studies to clinical studies. The NHP model enables
analysis of indicators applicable to human clinical studies such as
blood, urine, and PET-CT results, and analysis of indicators that
can be measured only after sacrificing animals, which is possible
only in preclinical models. Exploration and verification of
significant indicators through this model can lead to an
acceleration of vaccine development. Therefore, studies employing
the NHP model before the clinical stage can provide meaning
beyond simply being the gateway to the clinical stage.

4 The third hurdle: antigen selection
4.1 Universal antigens

Mtb contains approximately 4,000 individual proteins, and most
Ags included in current subunit vaccines have been adopted mainly
based on their immunodominant properties for T-cell responses in
preclinical and clinical settings. Currently, approximately 100 Ags in
the preclinical stage (approximately 3% of all Mtb Ags) have been
studied (Table 2). Most of the Ags for TB vaccine candidates are
abundantly secreted and cell wall-associated proteins, including
ESAT6, Ag85B, Ag85A, HSPX, and MPT64. In addition, cell wall-
associated or virulence-associated Pro-Glu/Pro-Pro-Glu (PE/PPE)
family proteins, a component of M72 subunit and ID93 subunit
vaccine candidates, and heparin-binding hemagglutinin also
produced promising vaccine-induced protection in mouse models
(103, 104). Ags related to latency (DosR, resuscitation-promoting
factor) and hypoxia-related proteins are being used for vaccine
testing. Furthermore, hypothetical proteins are also used, for
example, Rv1767, which is produced by the pathogen during the
first week of infection of human cells. Aagaard et al. reported that the
dimers EsxD-EsxC, EsxG-EsxH and EsxW-EsxV produced by the
ESAT6 secretion system (ESX) were highly immunogenic.
Integrating these in a fusion protein form called H65 resulted in a
formulation that demonstrated protection efficacy equivalent to that
of BCG without interfering with current ESAT6- and CFP10-based
diagnostics (105). Liu et al. also purified 1,250 Mtb proteins with an
E. coli expression system and evaluated cellular and humoral
immune responses in human PBMCs and serum, respectively.
They eventually identified four Ag candidates, Rv0232, Rv1031,
Rv1198, and Rv2016, displaying high immunogenicity (106).
Currently, only 11 Ags have been selected as a component, in the
form of fusion proteins, in formulations eventually entered into
clinical trials (Table 3).
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TABLE 1 Common and specific immunogenicity assessments of TB vaccines in clinical trials.

Name of
vaccine

Type of

Purpose @ Phase Immunogenicity assessment Reference

vaccine

m Frequencies of MTBVAC-specific CD4"/CD8" T cells producing one or more cytokines
(IEN-y, TNFa, IL-2, IL-17, or IL-22)

m [FN-7 response to stimulation with ESAT6 and CFP10 in whole blood

m [FN-y ELISpot assay with PBMCs

MTBVAC POD 3 (45, 46)

m Concentration of IFN-y upon PPD stimulation in whole-blood samples determined by
ELISA

m Proportions of distinct subsets of specific CD4"/CD8" T cells produced one or more
cytokines (IFN-y, TNF-o., and/or IL-2) simultaneously in whole blood samples in response to
PPD stimulation

m PPD- and Ag85B-specific antibodies (IgG, IgA, and IgM) in serum

POI,
POD, 3
POR

Live VPM1002 (47-49)
attenuated

vaccine

m Frequencies of BCG-specific CD4"/CD8" T cells expressing at least two of three cytokines
(IL-2, IFN-y, and TNF-ct)

m Change in the concentration of IFN-y in blood samples

m CD4" T-cell subsets expressing IL-17A, IL-17F, or IL-22 (Th17) - either in combination with
IFN-y or IL-10

u Frequencies of NKT cells, y5 T cells, and CD56"/“™ NK cells producing IFN-y

BCG
revaccination

POI,

-52
POD (50-52)

m The titer of M72-specific IgG antibody in serum

m Frequencies of M72-specific CD4"/CD8" T cells expressing one or more cytokines (IFN-y
and/or IL-2 and/or TNF-o, and/or CD40L) simultaneously in PBMCs

m [FN-y production by CD69"CD56" NK cells after stimulation with M72 peptide pool in
PBMCs

M72/AS01;  POD 3 (53-56)

m Frequencies of vaccine Ag-specific CD4"/CD8" T cells expressing IFN-y, TNF-c, and/or IL-2
in blood samples

GamTBvac POD 3 m Change in the concentration of IFN-y in blood samples

m The titer of IgG specific to the subunits of GamTBvac (fusion forms, DBD-Ag85A and

DBD-ESAT6-CFP10, and subsets Ag85A, ESAT6, CFP10, and DBD)

(57, 58)

m Frequencies of cytokine-expressing CD4" T cells specific to ID93, Rv1813, Rv2608, Rv3619,
and Rv3620

m [FN-v and IL-10 cytokine-secreting cells in PBMCs in response to ID93 determined by
ELISpot

m Frequencies of ID93 specific-CD4*/CD8" T cells producing one or more cytokines (IFN-Y,
TNF, and IL-2) in PBMCs

m Titer of total IgG specific to ID93 and each fusion-protein antigen component (Rv1813,
Rv2608, Rv3619, and Rv3620)

m Titer of ID93-specific total IgG, IgG1, IgG2, IgG3, and IgG4

ID93/GLA-

POI,
SE PgD 2b
(QTP-101)

Adjuvanted
protein
subunit

(59, 60)

vaccine

u Frequencies of CD4" T cells expressing IFN-y, TNF-a, IL-2 and/or IL-17 after stimulation
with H56-fusion protein or peptide pools of Ag85B, ESAT-6 or Rv2660c in whole blood
samples

= Memory phenotypes of H56-specific cytokine-expressing CD4" T cells (IFN-y*, TNF-o.",
and/or IL-2")

m Titer of IgG specific to H56 in plasma samples determined by ELISA

H56/1C31 POR 2b (52, 61)

m Evaluation of IFN-y and antibody level in blood before and after immunization determined
by intracellular cytokine staining
m Changes in the levels of Ag-specific total IgG antibodies and IgG subclasses (IgG1 and IgG2)

AEC/BC02
/ m Changes in the levels of Ag-specific IFN-y levels

POD 2a (62)

m The changes in the proportion of Ag-specific T cells in PBMCs
m Evaluation of ex vivo intracellular cytokine staining and ELISpot results in blood

POD, prevention of disease; POI, prevention of infection; POR, prevention of recurrence; ELISpot, enzyme-linked immunospot; PBMCs, peripheral blood mononuclear cells; PPD, purified
protein derivative; ELISA, enzyme-linked immunosorbent assay; BCG, bacille Calmette-Guerin, * This paper focuses on subunit vaccines and live attenuated vaccines. Other TB vaccines in
clinical studies, such as killed mycobacteria vaccines and viral vectored vaccines, are reviewed in detail in other articles (63, 64).

4.2 Rational antigen selection

The challenge of Ag screening is complicated by the roles of Ags
in multiple stages of Mtb infection, particularly chronic and latent
infection stages. During Mtb infection in a mouse model, ESAT6 is
consistently expressed, but Ag85B is mainly expressed at an early
stage when Mtb is actively replicating (116). Mtb infection induced
the accumulation of ESAT6-specific CD4™ T cells in the mouse lung

Frontiers in Immunology

56

parenchyma, but the T cells became functionally exhausted due to
chronic stimulation of Ag. Whereas, Ag85B-specific CD4" T cells
maintain memory cell features during infection but contract in
numbers by reduced Ag expression during persistent infection
(116). These results have important implications for the rational
design of TB vaccines tailored to optimize the protection conferred
by specific CD4™ T cells that recognize Ag expressed at distinct
stages of Mtb infection.
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TABLE 2 Mtb antigens identified from preclinical experiments as vaccine components.

10.3389/fimmu.2023.1193058

Gene . .
) Antigen . Vaccine .
accession Rationale Route Booster Immunological role Reference
name type
\[o}
Recombinant
IgA tion; Th1/Th17, TNF-o'TL-17"*
Rv0129¢ Ag8sC . bacterial IN - g secretion; Thl/ ¢ (65)
. .. CD8" T cells
(L. ivanovii)
Recombinant
Rv0159¢ PE3 Elicit T-cell responses bacterial (M. 1P - IL-2/IFN-v secretion (Th1 response) (66)
smegmatis)
Recombinant
Rv0160c PE4 - bacterial (M. 1P - IL-2/TNF-0/IL-6 secretion (67)
smegmatis)
Fusion
t
Rv0288 CFP7 Early-stage antigen compon'en SC - IFN-y/IL-17 secretion (68)
(protein
vaccine)
Fusion
t
Rv0288 CFP7 Early-stage antigen compon‘en SC - IFN-Y/IL-17 secretion (69)
(protein
vaccine)
Latency-associated 1gG2a/IgG1 ratio, IFN-y/TNF-0/IL-2
Rv0572¢ DosR atency-assoctatec Single protein sC . 8G2a/lgG1 ratio, IFN-y/TNF-o/ (70)
hypothetical protein secretion (Th1 response)
Secreted by activel Fusion 1gG2a/IgG1 ratio, IFN-y/TNF-o secretion
ecrete active.
Rv0577 TB27.3 replicatin ybacteriZ component 1D - (Th1 response), IFN-y" Tgy; and IL-2" (71)
P & (DNA vaccine) Tem cells (memory T cells)
Screening based on
[l dh 1 IFN-Y"TNF-0o.'IL-2" CD4"/CD8" T cell
Rv0733 ADK cefwlarand humoral | g 1o protein sC ; 4 / ce 72)
responses in active cells
TB patients
Screening of Mtb
PPE14 expression library Single antigen IgG2a secretion, IFN-y secretion (Th1
Rv0915 M - 73
v ¢ (Mtb41) with specific T-cell (DNA vaccine) response) 73)
lin
Screening of Mtb
Rv0916¢ PE7 (Mtb10) e)‘(pressioAn library Single antigen M ) IgG2a secretion, IFN-y secretion (Th1 73)
with specific T-cell (DNA vaccine) response)
line
Rv1009 RpfB Reactivati Single antigen v IL-2/IFN tion (Th1 ) (74)
V. eactivation - - =Y secretion response
P (DNA vaccine) v P
Fusion IgG2a/IgGl ratio, IFN-y/TNF-o/IL-2
L component secretion (Thl response), IL-2*
1 fB - 75
Rv1009 Rp Reactivation (protein s¢ multifunctional (TNF-a or IFN-y) CD4"/ 73
vaccine) CD8" T cells
Fusion IgG2a/IgGl ratio, IFN-y secretion (Thl
L component response), IFN-Y" Tgy IL-2* Tey
Rv10 RpfB Reactivat - 76
V1009 P cactivation (protein S¢ (memory T cells), multifunctional (IFN- (76)
vaccine) Y/TNF-0/IL-2) CD4*/CD8" T cells
Single antigen
tei IFN-y"TNF-o.'IL-2"CD107* CD4"'/CD8*
Rv1009 RpfB Reactivation (protein SCor ; VINFaIL-2C cpae 77)
vaccine or M T cells
DNA vaccine)
. Single antigen IFN-y"/TNF-0"/IL-17" CD4" T cells,
P 1 I X
Rv1039¢ PPE15 ossible secreted (ChAdOx1 Nor and + CD45'CXCR3™KLRG" CD4*/CD8" T (79)
antigen . ID
viral vector) cells
Extracellular proteins Fusion
!
Rv1174c TB8.4 expressed by sSC BCG booster IFN-Y"/IL-17* CD4" T cells (69)
S - component
replicating bacilli
(Continued)
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TABLE 2 Continued
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Gene . .
. Antigen . Vaccine .
accession Rationale Route Booster Immunological role Reference
name type
No.
(protein
vaccine)
. Fusion
Extracellular proteins
component . . .
Rv1174c TB8.4 expressed by (protei sC -and + IFN-y" CD4" T cells, IgG2a/IgGl ratio (79)
rotein
replicating bacilli p .
vaccine)
Multifunctional (IFN-y/TNF-a/IL-2)
Fusion IM or CD4"/CD8" T cells, local accumulation
Rv1285 CysD - (CysVac2/ D - of neutrophils (CD45'CD11b"Ly6G") (80)
Advax“*%) and CD64" macrophages/monocytes
(CD45"CD64"CD11b"Ly6G")
. Single antigen
Secreted d
Rv1419 Unknown ecreted during (DNA vaccine- ™ therapeutic IFN-y* CD4* T cells (81)
proliferation
pVAXI1 vector)
IFN-y release in
PBMCs from
hospitalized TB 1gG2a/IgG1 ratio, IL-2/TNF-o/IL-6/IFN-
Rv1485 hemZ ‘ospl aie R Single protein sC - 8G2a/IgG1 ratio / o/L-6/ (82)
patients determined ¥ secretion
using IFN-y ELISpot
assays
Cor:s:iv:d Single protein IFN-v secretion (Th1 response),
Rv1503¢ ( gII) colinid Regulator PhoPR (rBCG, live SC - Multifunctional (IFN-y/TNF-o/IL-2) (83)
ipi
Y P vaccine) CD4%/CD8" T cells
synthesis)
IFN-y release in
PBMCs from
Rv1705c PPE2 hospltahzed "ljB Single protein sC ) 1gG2a/IgGl ratio, IL—2{TNF—0(/IL-6/IFN- (82)
patients determined ¥ secretion
using IFN-y ELISpot
assays
Si tei
Rv1733c DosR Latency ingle protein Ne ; IEN-y* CD4* T cells (84)
or peptide
Fusion
component
Rv1738 Unknown Hypoxic (live vaccine; ID - or therapeutic IFN-Y*IL-17" CD4" T cells (85)
yeast-based
platform)
Single protein
Hypothetical Might be relevant f
Rv1767 ypothetical 1 Mght be refevant 1or 1 (g live ) - IEN-y"/IL-17* CD4" T cells (86)
protein intracellular survival i
vaccine)
Fusion
t
Rv1793 EsxN Virulence factor compon.en SC - TNF-o*/IL-17" secretion ratio (87)
(protein
vaccine)
Screening from a
fraction that strongly Multifunctional (TFN-y/TNF-0/IL-2)
Rv1876 bfrA induced the Single protein SC BCG booster N v (88)
- . CD4" T cells
activation of immune
cells
. Fusion
Extracellular proteins component
Rv1886¢* Ag85B expressed by ( rI())te'n SC - IFN-Y*/IL-17* CD4" T cells (69)
i
replicating bacilli p .
vaccine)
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1193058

Gene . :
) Antigen . Vaccine .
accession Rationale Booster Immunological role Reference
name type
\[o}
Multifunctional (IFN-y/TNF-o/IL-2)
Extracellular proteins Fusion IM or CD4"/CD8" T cells, local accumulation
Rv1886¢c* Ag85B expressed by (CysVac2/ D - of neutrophils (CD45'CD11b"Ly6G") (80)
replicating bacilli Advax®%) and CD64" macrophages/monocytes
(CD45"CD64"CD1 1b+Ly6G7)
Fusion
t
Rv0228 TB10.4 BCG antigens C‘Z';i ‘::;n Ne BCG booster IEN-y* CD4*/CD8" T cells (89)
vaccine)
Anti bacterial
_ Antmyeobacteria Fusion G Multifunctional (IEN-y/TNF-c;, IFN-y/IL-
immune responses in -virus
Rv0228 TB10.4 . P . component IN . 2) CD44"CD62L CD4"/CD8" T cells, (90, 91)
BCG-immunized . vaccine n "
(viral vector) IEN-y" CD4" T cells
humans
Fusi
Universal usion . Muti-functional (IFN-y/IL-2/TNF-0/)
componen
Rv2005¢ stress protein Latency ( ritein sC Immunotherapy CD44'CD4" T cells, IFN-y/IL-2/IL-17 (92)
family protein 4 . secretion
vaccine)
Fusion
t
Rv2031c HspX BCG antigens “;';i‘::;n sC BCG protein IEN-y* CD4/CD8" T cells (89)
vaccine)
I & ¢ Fusion BCGvi Multifunctional (IFN-y/TNF-a, IFN-y/IL-
mmunoadjuvan -virus
Rv2031c HspX otentijal component IN accine 2) CD44"CD62L CD4"/CD8" T cells, (90, 91)
Vi
P (viral vector) IFN-y" CD4" T cells
Fusion
Expressed at the
t IgG2a/IgG1 ratio, IFN-y/TNF-o/IL-2
Rv2031c HspX proliferating and componlen sC - ghacar’s 'ra 1o i (93)
(protein secretion (Th1 response)
dormant stages .
vaccine)
Fusion
Dormancy-related component . N
Rv2031c HspX K R SC - IFN-y" CD4" T cells (94)
antigen (protein
vaccine)
Recombinant
Rv2031c HspX Dorman?y—related bacterial (BCG Tail ~ IFN-y" CD4" Ty and IL-2" CD8" Tem ©5)
antigen expressed) cells
fusion protein
Recombinant
Rv2031c HspX Dorman?y—related bacterial (BCG sC ~ IFN-y"/IL-17* CD:l+ T cell, IFN-yIL2" 96)
antigen expressed) CD4" T cells
fusion protein
Recombinant
bacterial (S. SC and
Rv2032 acg Hypoxic cerevisiae yeast D BCG-yeast IFN-y'IL-17" CD4" T cells (85)
expressed)
fusion protein
ArsR Potential function in Fusion
Multift ional (IFN-y/TNF- D4" T
Rv2034 repressor Mtb survive in the componenF sC ultifunctional (IFN-y/TNF-0) € (97)
. +H1 (protein cells
protein host .
vaccine)
Probable short Fusion IgG2a/IgGl ratio, IFN-y/TNF-o secretion
Rv2073c chain Hypoxic component IM - (Th1 response), IFN-y" Tgy IL-2* Ty (71)
dehydrogenase (DNA vaccine) cells (memory T cells)
Screening from a
Fusi Multifunctional (IFN-y/IL-2/TNF-o.
Rv2299c htpG fraction that strongly usion SC + functiona (+ v ) (98)
. component CD4" T cells
induced the
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TABLE 2 Continued

10.3389/fimmu.2023.1193058

Gene . :
. Antigen . Vaccine .
accession Rationale Route Booster Immunological role Reference
name type
\[o}
activation of immune (protein
cells vaccine)
Fusion
t
Rv2608 PPE42 Virulence factor compon.en - TNF-o'/IL-17" secretion ratio (87)
(protein
vaccine)
Fusion
t
Rv2628 unknown Latency componfen - TNF-0"/IL-17" secretion ratio (87)
(protein
vaccine)
Fusion IgG2a/IgGl ratio, IFN-y/TNF-o secretion
Rv2875 Mpt70 Hypoxic component M - (Thl response), IFN-y" Tgy IL-2* Ty (71)
(DNA vaccine) cells (memory T cells)
Immunodominant X
and immunogenic in Fusion
Rv3019¢ esxR vivo-ex ressge 4TB component C Multifunctional (IFN-y/IL-2/TNF-o) (99)
xpre (protein CD4" T cells, KLRG" CD4" T cells
proteins in Mtb- X
L vaccine)
exposed individuals
Immunodominant .
and immunogenic in Fusion
Re3020c s s ressge s component “ Multifunctional (IFN-y/IL-2/TNF-01) ©)
v * }_(p i (protein CD4" T cells, KLRG'CD4" T cells
proteins in Mtb- vaccine)
exposed individuals
Fusion 1gG2a/IgG1 ratio, IFN-y/TNF-o secretion
Rv3044 fecB Hypoxic component 1D - (Th1 response), IFN-y" Tgy IL-2* Toy (71)
(DNA vaccine) cells (memory T cells)
Multifunctional (IFN-y/IL-2/TNF-o)
Rv3131 DosR Hypoxic Single protein SC - CD44"CD62L°'CD4" T cells, IFN-y (100)
secretion
Recombinant
bacterial (S. SC and
an
Rv3130 tgsl Hypoxic cerevisiae yeast D BCG-yeast IFN-y'IL-17" CD4" T cells (85)
expressed)
fusion protein
L .
Rv3329 Unknown mglr‘;‘;izmc Single protein sC - IFN-y/TNF-0/IL-2/IL-12/IL17 secretion (101)
Fusion IgG2a/IgGl ratio, IFN-y secretion (Thl
component response), IFN-y" Tgy IL-2" Tep cells
Rv3407 B47 Lat SC - 76
v vap atency (protein (memory T cells), Multifunctional (IFN- 76)
vaccine) Y/TNF-0/IL-2) CD4¥/CD8" T cells
L .
Rv3432¢ gadB m’;‘;‘:e"hg;mc Single protein sC - IFN-y/TNE-0/IL-2/IL-12/IL17 secretion (101)
Fusion
t
Rv3615¢ EspC Non-BCG antigens C(ZI;}; ‘::;“ sc BCG booster IFN-y" CD4"/CD8" T cells (89)
vaccine)
Fusion
t
Rv3616¢ EspA Non-BCG antigens C‘EE‘:E:;“ sC BCG booster IFN-y" CD4"/CD8" T cells (89)
i
vaccine)
Recombinant
Rv3803c MPT51 Immuno‘dominant bacterial (BCG sC ~ IFN-y"/IL-17" CDil+ T cells, IFN-y'TL2" 96)
antigens expressed) CD4" T cells
fusion protein
(Continued)

Frontiers in Immunology

60

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1193058
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kim et al.

TABLE 2 Continued

Gene
accession
\[o}

Vaccine
type

Antigen
name

Rationale

Recombinant
bacterial (BCG
expressed)
fusion protein

Rv3804c* Ag85A -

Tail

10.3389/fimmu.2023.1193058

Booster Reference

Immunological role

IFN-y" CD4" Tgy and IL-2" CD8" Ty ©95)
N cells

Recombinant
bacterial (S.
cerevisiae yeast
expressed)
fusion protein

Rv3841 bfrB Hypoxic

Fusion
Immunodominant
antigens

component
(protein
vaccine)

Rv3873 PPE68

Fusion
component
(protein
vaccine)

Rv3874* CFP10, esxB Non-BCG antigens

Fusion
component
(protein
vaccine)

Rv3875* ESATS6, esxA Non-BCG antigens

Fusion
component
(protein
vaccine)

Rv3875* ESAT6, esxA Virulence factor

SC and
ID

SC and

SC

SC

SC

BCG-yeast IFN-y'IL-17" CD4" T cells (85)

Multifunctional (IFN-y/IL-2/TNF-o/IL-

BCG boost
ooster 17) CD4" T cells

(102)

BCG booster IFN-y" CD4"/CD8" T cells (89)

BCG booster IFN-y" CD4*/CD8" T cells (89)

- IEN-y" CD4" T cells (99)

PBMCs, peripheral blood mononuclear cells; BCG, bacille Calmette-Gueérin; rBCG, recombinant BCG; Ty cell, effector memory T cell; Tcy cell, central memory T cell, ELISpot, enzyme-linked
immunospot; IN, intranasal; IP, intraperitoneal; ID, intradermal; IM, intramuscular; IV, intravenous; SC, subcutaneous; *Antigens in a clinical trial for a TB vaccine.

Although immunodominant Ags are generally accepted to
induce superior vaccine efficacy, some studies suggest that Mtb
can modulate host immunity through immunodominant Ags. T-
cell epitopes among well-known immunodominant Mtb Ags are
highly conserved, suggesting the possibility that being recognized by
the host through immunodominant Ags may be beneficial for Mtb
(117, 118). In addition, T-cell responses to some immunodominant
Mtb Ags have been found to be notably greater in active TB patients

TABLE 3 Composition and selection of subunit vaccines in the clinical stage.

than in individuals latently infected with Mtb (119, 120), indicating
that enhanced T-cell responses may be associated with deteriorated
lung inflammation, resulting in subsequent transmission.
Therefore, to confirm this possibility, Orr et al. confirmed the
efficacy of immune subdominant Ags as a TB vaccine candidate
in a mouse model, but little correlation has been found between
vaccine efficacy and the immunodominance of Ags during Mtb
infection (121).

Composition Ag selection Reference
m Ag85A and ESAT6-CFP10 fusion protein/DEAE- m Induces strong IFN-y production and T-cell proliferation (Ag85A)
GamTB 50, 107, 108
am L Brac dextran-CpG adjuvant m The fusion of Mtb early-secreted Ag (ESAT6, CFP10) ( )
m Recognized by PBMCs of healthy, disease-free, PPD-positive donors
M72/ ) ) . (Mtb32A, Mtb39A) (53-56, 109,
Mtb32A-Mtb39A fi tein/ASO1y; ad] t
ASO1g " usion protein/ E aquvany m Induces strong T-cell proliferation and IFN-y production (Mtb32A, 110)
Mtb39A)
m Early-secreted Ags (Ag85B, ESAT6)
H56/I1C31 m Ag85B-ESAT6-Rv2660c fusion protein/IC31 adjuvant m Sustained secretion levels in the early and late stages of infection (61, 111, 112)
(Rv2660c)
m A hypothetical protein enriched under hypoxic growth (Rv1813)
1D93/ m Rv1813-Rv2608-Rv3619-Rv3620 fusion protein/GLA-SE m A probable outer membrane-associated Pro-Pro-Glu (PPE) motif- (59, 60, 113)
GLA-SE adjuvant containing protein (Rv2608) T
m Secreted proteins belonging to the ESAT6 family (Rv3619, Rv3620)
St ized by T cells in the early ph: f infection (CFP10,
AEC/BC02 | m ESAT6-CEP10 fusion protein and Ag85B/BC02 adjuvant ;s Ar;’:ggg:;;)gmze y T cells in the early phase of infection ( (114, 115)
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Furthermore, it is also important to characterize the vaccine
potential of Ags likely to be associated with reactivation from latent
Mtb infection. A well-characterized bacterial regulon can induce the
dormant state of Mtb that is controlled by DosR-DosS, which is
induced by immunological pressure of the host such as local
hypoxia, nitric oxide, and carbon monoxide (122). These host
immune responses can be induced by the vaccine with
immunodominant Ag in an active state of Mtb, indicating the
potential for immune evasion of Mtb against immune responses
produced by vaccines targeting immunodominant Ags in an
activated state. Therefore, it is also important to characterize the
vaccine potential of Ags likely to be associated with reactivation of
latent Mtb infection. Hence, developing novel vaccines that encode
genes expressed during the reactivation of a dormant state, such as
rpf, would be a strategic approach. In vitro and in vivo
transcriptional profiling studies have shown that five rpf of Mtb
are expressed at varying levels in a growth stage-dependent manner
(123, 124). RpfB, one of the five Rpfs produced by Mtb, plays an
important role in the resuscitation and growth in a dormant state.
In addition, delayed reactivation induced by aminoguanidine in
chronic TB was observed in mice infected with a strain lacking rpfB
(125), and significantly higher T cell responses to recombinant RpfB
and RpfE were detected in LTBI than in active TB patients (126),
indicating that Rpfs are involved in the reactivation process in vivo.
Moreover, RpfB has been studied as a promising candidate for DNA
vaccines, shown to induce a modest but significant cellular immune
response against TB with higher levels of IL-2 and IFN-y (74). In
addition, the RpfB domain can induce a humoral response, and
monoclonal antibodies against Rpfs could inhibit TB relapse (127).

4.3 Strategy for fusion proteins

Vaccine strategies using fusion proteins can be designed to
include multiple Ags, so they can induce a broader immune
response than single Ag vaccines. In addition, this strategy has
the advantage of inducing an effective immune response by fusing a
protein with low immunogenicity with a protein or peptide with
high immunogenicity. The M72 vaccine candidate was formed
through a fusion of the Mtb32A and Mtb39A proteins, selected
for their ability to provoke T-cell responses in TST-positive healthy
adults. On the other hand, multistage subunit vaccines, such as H56
(which contains the latency-associated Ag Rv2660c fused with
Ag85B and ESATS6), as well as LT70 and ID93, also incorporate
multiple Mtb Ags differentially involved in bacterial growth,
virulence, and metabolism (111, 128, 129). A new TB vaccine
candidate, H107, that integrates eight individually protective Ags
(PPE68, ESAT6, Espl, EspC, EspA, MPT64, MPT70, and MPT83) is
highly immunogenic in both mice and humans (102). This fusion
protein is composed of 4 ESAT6 molecules in the middle, which led
to a significant increase in ESAT-6-specific immunogenicity. H107
with the BCG vaccine could increase Ag coverage to induce robust
protective immune responses in a diverse human population by
including as many protective/recognizable Ags as possible. While
traditional vaccines containing BCG-shared Ags show in vivo cross-
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reactivity to BCG, H107 demonstrates no cross-reactivity and does
not impede BCG colonization. Instead, co-administering H107 with
BCG results in enhanced adaptive responses against both H107 and
BCG (102).

5 The fourth hurdle: immune
correlates and protection biomarkers

Unveiling reliable predictive correlates to the immunogenicity
and efficacy of TB vaccines allows estimation of vaccine efficacy well
in advance of the time required to confirm vaccine efficacy against
Mtb infection in the clinical stage. In addition, after the
commercialization of a vaccine, successful vaccination can be
tracked through reliable COP measurement of vaccinated
individuals, and as a result, herd immunity through vaccination
can be effectively achieved. Therefore, attempts have been made to
identify reliable COPs of TB vaccines, but it is still unclear.
Currently, in most vaccine studies in clinical phases,
immunogenicity or vaccine-induced protection-related
biomarkers are limited to immunological markers, especially IFN-
Y-producing T cell responses, polyfunctional T-cell responses, or
antibody titers in response to Mtb Ag. Recently, the possibility of
developing protective immunity and vaccines for donor
unrestricted T cells (DURTSs), Th17 cells, antibodies, B cells, and
innate immunity beyond Th1l immunity has been reconsidered for
TB vaccines (130). Moreover, the association between TB
progression and type I IFNs in active TB disease has been
reported, but clinical studies on the efficacy and markers of TB
vaccines are still lacking. These results raise questions about the
sufficiency of T-cell responses induced by vaccination for protection
and force us to explore additional biomarkers of vaccine efficacy.

5.1 Correlates of protection in innate
immune response to the TB vaccine

Continuous research on innate immune factors related to the
efficacy of TB vaccines has been conducted. Strategies that target
these innate immune factors have been shown to improve vaccine
efficacy. In addition, the characteristics of innate immune factors
that correlate with vaccine efficacy show potential as biomarkers of
vaccine efficacy (Figure 1).

5.1.1 Monocytes

The monocytes to lymphocytes (ML) ratio in peripheral blood
has been reported to be correlated with TB disease risk among HIV-
infected patients (131, 132). In addition, it was reported that the ML
ratio increased in severe TB patients and more so in males than
females even within the TB patient group, showing a correlation
with TB progression (133). Interestingly, Zelmer et al. reported that
upon inoculating inbred mouse strains of different genetic
backgrounds with BCG, the ML ratio correlated with BCG-
induced vaccine efficacy against Mtb infection, suggesting that
monocytes are deeply involved in the vaccine-induced immune
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Implications of innate immune cells and relevant immune responses for the development of TB vaccines. Immune responses related to TB vaccines are
mainly focused on adaptive immunity, especially T cells, but many studies imply the importance of innate immune responses. (A) BCG vaccination
induces the histone epigenetic reprogramming of monocytes, resulting in an activated phenotype with increased CD11b and TLR4 expression. (B) BCG
can activate macrophages and educate hematopoietic stem cells (HSCs) to differentiate into more protective macrophages against Mtb infection.
Vaccination with ESAT6:c-di-AMP can control Mtb growth by regulating autophagy. (C) Alveolar macrophages, which act as first-line defenders against
pathogens entering the lungs, are inflammatory and sustainably metabolically activated by BCG mucosal vaccination, which controls the dissemination
and growth of Mtb. (D) The expression of genes related to neutrophil degranulation such as MMP8 and OLFM4 was suggested as a correlate of
protection in the RACMV/TB-vaccinated rhesus macaque model. BCG vaccination in healthy humans induces long-lasting changes in the neutrophil
phenotype, characterized by increased expression of activation markers and antimicrobial function, which is associated with genome-wide epigenetic
modifications in trimethylation at lysine 4 on histone 3. The enhanced function of human neutrophils persists for at least 3 months after vaccination. (E)
Depletion of NK cells during BCG vaccination reduces protection against Mtb infection, concomitant with decreased Thl response and increased Treg
levels. The complementation of IL-22 restores the vaccine efficacy of BCG against Mtb infection, which was reduced by NK cell depletion. (F) Vaccines
targeting DCs by using DC-specific molecules, such as Dec-205 and DC-SIGN can effectively deliver Ags to DCs. An increase in the quality of DCs
through treatment with Amph-CpG and FGK4.5 can increase vaccine efficacy via effective T-cell priming. MPP, multipotent progenitor; HSCs,
hematopoietic stem cells; NO, nitric oxide; INOS, inducible nitric oxide synthase; c-di-AMP, c-di-adenosine monophosphate; BM, bone marrow; LC3,
microtubule-associated protein 1A/1B-light chain 3; Amph-CpG, amphiphilic form of CpG.

response (31). BCG vaccination induces an increase in
inflammatory mediator production by monocytes through histone
modifications and specific gene activation (134). After BCG
immunization, circulating monocytes in healthy volunteers
released two times more cytokines, such as IL-1f and tumor
necrosis factor (TNF)-o, upon stimulation with TB nonspecific
pathogens. These BCG-trained monocytes had increased expression
of CD11b and Toll-like receptor 4 (TLR4), and these immune effects
were related to histone epigenetic reprogramming induced by
activation of the NOD2 receptor to increase trimethylation of
lysine 4 on histone 3 (H3K4m3) (Figure 1A). Interestingly, the
effectiveness of trained immunity was maintained for up to one
year, and heterogeneous protection by BCG vaccination in terms of
neonatal death from other infectious diseases was significantly
increased in the infant group aged 1 to 5 years (135). Recently,
protection by BCG revaccination has been reported at the clinical
stage (50), but the specific protective mechanism has not yet been
fully elucidated.

Frontiers in Immunology

5.1.2 Macrophages

Recently, vaccination with ESAT6:cyclic diadenosine
monophosphate (c-di-AMP) was shown to cause significant
reductions in the bacterial burdens of the lungs and spleens in a
mouse model by regulating autophagy in Mtb-infected
macrophages (136). In addition, mouse bone marrow-derived
macrophages infected with BCG become epigenetically modified
to provide better protection against Mtb infection (137). This
macrophage activation phenotype was also reported by Mate
et al., and increases in MHC II, CD86, and inducible nitric oxide
synthase levels were observed after intranasal (IN)-BCG vaccination
but not after subcutaneous (SC) vaccination (Figure 1B).

Alveolar macrophages (AMs) may serve as the first line of
defense against respiratory pathogens. However, a mouse model
study showed that AM depletion has a protective effect on lung Mtb
infection (138). Mtb becomes an exclusive niche for up to 10 days
after Mtb infection (139). In addition, Mtb induces a Th1 response
by inducing rapid dissemination of bacilli to the lymph nodes in an
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IL-1 receptor-dependent manner after AM infection, but poorly
transmissible Mtb delays this process, residing inside AMs and
developing and promoting the Th17 response (140). These reports
suggest that AMs induce a delay in the early immune response
during Mtb infection, leading to a delay in protective T-
cell immunity.

On the other hand, it has been reported that mucosal
vaccination with BCG is effective in inhibiting early dissemination
of Mtb by inducing activation while BCG is present in AMs (141).
In addition, the formation of trained immunity in mouse AMs
through vaccination or infection has been reported (142, 143), and
in this context, pulmonary BCG vaccination increases Mtb growth
control in AMs early in infection and, through IL-1 signal-
dependent Mtb transmission (140), may lead to shortening of the
T-cell response delay (Figure 1C). Recently, aerosol vaccination
with a human serotype-5 adenovirus (Ad)-vectored TB vaccine
(AdHu5Ag85A) was reported in a clinical phase 1b trial.
Transcriptomic analysis of AMs isolated from the aerosol
AdHu5Ag85A-immunized group in this study showed that
aerosol vaccination with AdHu5Ag85A induced persistent
transcriptional changes in AMs related to the response to anoxia,
inflammatory response to Ag stimulation, tyrosine phosphorylation
of signal transducer and activator of transcription proteins,
regulation of IL-10 production, response to IL-1 and histone
demethylation (144).

5.1.3 Neutrophils

The importance of neutrophil in TB is evidenced by the
identification of prominent neutrophil transcription signatures in
the blood of TB patients (145). The formation of neutrophil
extracellular traps (NETs) induced by type I IFN promotes
bacterial growth and disease severity in Mtb-infected mice (146).
Given the critical function of neutrophils in TB pathogenesis,
it is important to understand their properties in vaccine
immune responses.

Monalisa et al. reported that the depletion of neutrophils during
vaccination with Mycobacterium smegmatis expressing CMX
induced a decrease in protection against Mtb infection in a
mouse model, with a decrease in Th1 and Th17 responses in lung
tissue and spleen, suggesting the function of neutrophils in the
formation of T-cell responses (147). Thomas et al. reported the role
of neutrophils in the formation of protective immunity by BCG
vaccination (148). Seven days after BCG inoculation via the SC
route, a slight increase in the frequency of neutrophils was observed
in the lung tissue. In addition, the protective immunity induced by
BCG was independent of T cells, and it was reported that this effect
was maintained until 30 days after vaccination in T cell- or TNF-ot-
deficient mice. After BCG inoculation, depletion of neutrophils
using an anti-Ly6G antibody resulted in protection provided by
BCG being reduced by half, and this phenomenon was confirmed
regardless of the presence of neutrophils at the time of Mtb
infection (148). These results suggest that neutrophils contribute
to the generation of protective innate immunity in the early stage of
infection rather than direct killing of Mtb. In addition, BCG
vaccination of healthy individuals generated phenotypic
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alterations in neutrophils, with enhanced antimicrobial function
as well as upregulation of activation marker expression. The change
in human neutrophils lasts for at least three months, along with
genome-wide epigenetic remodeling via H3K4m3 modifications
(149) (Figure 1D).

Recently, Hansen et al. administered the rhesus cytomegalovirus
vectors (RhCMV) encoding Mtb Ag inserts (RhCMV/TB) vaccine to
BCG-vaccinated or unvaccinated rhesus macaques (150). Before
Mtb-challenge, the transcriptomic analysis of whole blood revealed
that the gene expression levels predictive of the RhRCMV/TB vaccine
effect were predominantly from neutrophils. These genes were linked
to innate immunity and pathways related to neutrophil
degranulation, which encompassed genes encoding neutrophil
granule effector molecules such as MMP8 and CTSG (Figure 1D).
However, in the group vaccinated with BCG + RhCMV/TB, a specific
set of genes associated with protection, such as MMP8, CTSG, and
CD52, showed reduced expression compared to the group vaccinated
with RhCMV/TB alone at the early phase of Mtb challenge. These
transcriptional profiles correlated with a lower protective ability of
BCG + RhCMV/TB than RhCMV/TB vaccine.

5.1.4 Natural killer cells

NK cells accumulate in the lungs during Mtb infection and
produce IFN-y and perforin, but studies on the function of NK cells
in vaccine responses are still lacking. BCG-vaccinated mice had an
increased number of NK cells in the spleen and peripheral lymph
nodes. To determine the function of BCG-induced NK cells, anti-
NK1.1 antibodies were administered to BCG-vaccinated mice to
deplete NK cells, resulting in decreased protective efficacy of BCG
and an increased number of regulatory T cells (Tregs) and a
diminished T-cell response (151). The depletion of NK cells
resulted in the induction of Tregs and a reduction in T-cell
activity after Mtb infection, but supplementation with
recombinant IL-22 rescued BCG-induced protection, suggesting
the importance of IL-22 in NK cell-mediated protection against
BCG vaccination (151) (Figure 1E). On the other hand, Thomas
et al. infected mice with H37Rv after depleting NK cells by
treatment with an anti-asialo-GM1 antibody during BCG
vaccination but found no difference in efficacy after 30 days (148).

5.1.5 Dendritic cells

Delayed T-cell responses are one of the typical characteristics of
TB, and to control them, the formation of a protective T-cell
response and the accumulation of a considerable number of T
cells at the site of inflammation are important. In this process,
proper dendritic cell (DC) activation, rapid DC migration, and
interaction with T cells are important. According to previous
studies with a mouse model, vaccination relieved the delayed T-
cell response of the host to some extent, but a delayed CD4" T-cell
response still occurred in the vaccinated host (152, 153), which may
be the reason why vaccine-induced TB control is not effective. There
have been studies that have focused on the role of DC frequency or
activation in the delay of T cell response in vaccination. In a mouse
model, vaccination with recombinant BCG-producing FMS-like
tyrosine kinase 3 ligand or granulocyte-macrophage colony-
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stimulating factor (GM-CSF) increased the frequency of DCs. This
increase in DC frequency demonstrated enhanced protection
against Mtb infection (154, 155). In addition, in the analysis of
the RNA expression profile related to vaccine immunogenicity and
efficacy in the PBMCs of recipients of the TB vaccine candidate
M72/AS01g, it was confirmed that the increase in the number of
activated DCs was induced by vaccination (156). Griffiths et al.
reported that after BCG vaccination, an increase in CD103 and
CD40 expression on DCs induced through CpG and anti-CD40
antibody (FGK4.5) stimulation increased the number of DCs and
strengthened the interaction ability with T cells in the lung,
resulting in increased vaccine efficacy against Mtb infection (157)
(Figure 1F). These findings indicate that increasing the frequency or
quality of DCs can directly affect vaccine efficacy. Moreover,
efficient Ag delivery is also directly related to the efficacy of the
TB vaccine. Griffiths et al. confirmed that the transfer of DCs loaded
with Mtb Ag85B accelerated the delayed T-cell response of mice
immunized with BCG or Mtb Ag and increased the vaccine efficacy,
showing the importance of DCs in vaccination (157). DC-targeted
vaccines through DC-specific molecules such as DEC-205 or DC-
SIGN (158, 159) show increased T cell response and vaccine efficacy
in mouse model, which emphasis the importance of DCs in TB
vaccination (Figure 1F). However, there are still few data on the
response of DCs induced by vaccines.

5.2 Correlates of protection in adaptive
immune response to the TB vaccine

Protection against Mtb afforded by a TB vaccine in a mouse
model appears to correlate with the Ty phenotype, but data are
limited. Tissue-resident memory T (Tgy) cells, parenchymal-
resident noncirculating memory cells that have been studied only
relatively recently, reside in tissues for early recognition of infected
cells (160). Vaccines that elicit a rapidly accessible T-cell response to
the pathogen early in Mtb infection are thought to enable more
efficient protection via Try or Tgym cells. Furthermore, the
protective role of antibodies in the pathogenesis of TB highlights
the need for continuous exploration of the adaptive immune
response as a biomarker for vaccine efficacy.

5.2.1 Tissue-resident memory T cells

Since Mtb is transmitted via the aerosol route, generating a
pulmonary memory immune response is important for protective
immunity, which enables an immediate immune cell response to an
infection site. The generation of Try cells has been shown to
correlate with protection against Mtb and is characteristically
induced, particularly upon mucosal vaccination (161, 162)
(Figure 2A). Mucosal transfer of Try; cells from BCG-vaccinated
mice to naive mice showed that both CD4" and CD8" Try
subpopulations can provide partial protection against Mtb
infection (163) and can restrict intracellular Mtb survival in vitro
(164). A recent study using human tissue from surgically resected
lungs also demonstrated that the number of IL-17-producing Mtb-
specific Try-like cells in the lungs was inversely correlated with IL-13
levels in the blood, indicating that Mtb-specific Ty cells producing
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IL-17 may play an important role in controlling Mtb in the human
lung (165). These reports suggest that Try; cells are correlated with
protection in TB vaccination models, and this cell population could
be a target for vaccine strategies for protection against TB. In several
disease models, including TB, a strategy called “prime and pull” to
recruit memory T cells through booster vaccination to target tissues
after prime vaccination has been carried out (166-168). Roces et al.
reported a vaccine strategy to boost immunization with H56 protein
in the lung mucosa through inhalation after immunization with
CAFO01:H56, a clinical TB vaccine candidate, by the SC route (169).
For the booster vaccination, the poly lactic-co-glycolic acid delivery
system, which has been recognized for its safety, was used, and the
experiment was designed based on the manufacturing of a powder
containing H56. Haddadi et al. parenterally immunized mice using a
recombinant replication-deficient chimpanzee Ad-based TB vaccine
expressing Ag85A (AdCh68Ag85A) and then immunized the mice
with Ag85 complex via the IN route (170). In this study,
immunization with Ag85 via the IN route was able to induce an
almost 2-log reduction in the bacterial burden in the lung tissue upon
Mtb H37Rv infection compared to that in the group that received
only parenteral immunization. Importantly, these results
demonstrate that the prime and pull strategy for the respiratory
mucosa can promote the development of Try cells as well as the
recruitment of Ag-specific T cells into lung tissue. In addition, to
effectively pull memory T cells into the respiratory mucosa, it was
confirmed that booster vaccination should be given at a time when T
cells mainly form a memory type rather than after a short period of
time when effector T cells are mainly present after prime
vaccination (170).

Direct immunization to the lung, the site of infection, has been
reported to be beneficial for the formation of Ty cells. However,
Darrah et al. confirmed the level of Try cells in lung tissue 4 weeks
after BCG immunization in an NHP model, BCG delivered by the
intravenous (IV) route was able to induce higher levels of Try cells
than BCG injected by the aerosol route (171). Of note, six months
after Mtb challenge, nine out of ten macaques with BCG
immunization via the IV route produced a significant Ag-specific
T-cell response accompanied by highly protective vaccine efficacy
compared with those with the intradermal (ID) or aerosol route
vaccination; and six of ten macaques administered BCG via the IV
route had no detectable levels of infection (171).

The formation of Tyy cells was thought to proceed via
differentiation from effector T cells in situ via transforming growth
factor beta (TGF-P) and IL-15 signals when inflammation resolves
(172). In addition, at the priming level, mouse Batf3-dependent DCs
and human CD1¢"CD163" DCs producing TGF-B can prime T cells
for Ty cell generation in lymphoid tissues (173). These reports may
reveal the reason for the finding that systemic immunization via the
IV route induces higher Ty cell levels in lung tissue than the aerosol
route or direct BCG delivery to the lungs. However, it is a challenge to
ensure the safety of the administration method, to analyze the Try
cells and to verify the efficacy in clinical trials.

The generation of inducible bronchus-associated lymphoid
tissues (iBALTs), a type of tertiary lymphoid structure (TLS),
could be pivotal because increased CXCR5" CD4" T cell levels
were correlated with a better outcome of TB disease (174, 175)
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Translation of novel immune correlates found in preclinical animal models into humans for the development of more effective TB vaccines. (A)
Mucosal vaccination can strongly induce Tgpm cell development. In the early stage of Mtb infection, Trum cells proliferate promptly to effector T cells
to combat the bacilli by secreting proinflammatory cytokines. (B) Trm cells residing in the lung parenchyma, especially CD4*Tgpy cells, are known to
be located in tertiary lymphoid structures, such as iBALTs. The formation of iBALTSs is regulated by cytokines (IL-17, IL-22, and IL-23) and
chemokines (CCL19, CCL21, CXCL12, and CXCL13). Structured iBALT consists of the T-cell zone and B-cell zone. These ectopic lymphoid-like
structures provide a place where follicular helper T cells mediate the selection and survival of B cells, resulting in the differentiation of long-lived
plasma cells. These processes make it possible to induce in situ protective humoral immunity by secreting protective immunoglobulins, such as IgM
and IgG. (C) These humoral and cellular in situ immune responses can create an environment favorable for the host to control Mtb.
Immunoglobulins from B cells aggregate Mtb, resulting in the formation of pathogen-antibody complexes. (D) The formation of these complexes
enhances phagocytic killing activity of macrophages. Proinflammatory cytokines from T cells (IFN-y and TNF-o) activate macrophages to kill Mtb.
Trm cells, tissue-resident memory T cells; iBALTs, inducible bronchus-associated lymphoid tissues; ROS, reactive oxygen species; NOS, nitric oxide

synthase; FcgR, Fc gamma receptor.

(Figure 2B). TLSs are formed at sites of infection or chronic
inflammation and have also been found in autoimmune disease,
allograft rejection, and cancer. Importantly, B cells that respond to
tumor-associated TLSs appear to participate in antitumor
immunity, as B cells cultured from TLS-containing biopsy
samples produced tumor Ag-specific antibodies (176). This
ectopic lymphoid structure can also act as a site for B-cell
selection and maturation (177) and can provide a niche for
memory B cells and T cells (178). In an influenza virus-infected
mouse model, CD8" Tgy cells were mainly located in the
interstitium extending into the lung parenchyma, whereas CD4"
Tru cells were found in the iBALT niche (179, 180). These reports
suggest that iBALT might enable a rapid and effective response to
Mtb infection.

5.2.2 Effector memory T cells

Hansen et al. recently tested RhRCMV/TB vaccine capable of
expressing six or nine Mtb Ags in rhesus macaques (150). Upon
infection of the macaques with the Erdman strain almost 1 year
after vaccination, it was confirmed that sterile immunity was
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induced in approximately 40% of the experimental group animals
(150). In contrast to previous vaccine strategies aimed at eliciting
primarily Tcy cell responses, this CMV-based vaccine elicited
primarily Tgy; cell responses. Try cell population appears to be
maintained by continuous restimulation of Mtb-specific T cells by
periodic reactivation of the cytomegalovirus, and the authors
suggest that protective immunity induced by the RhCMV/TB
vaccine can be induced by Mtb-specific T cells from the
vaccination. This phenomenon is thought to be due to the high
frequency of Ty cells generated by the restimulation of cells (150).
However, CMV infection can be fatal in immunocompromised
humans (181), and according to a recent study conducted in South
Africa, CMV seems to be related to the increase in the incidence of
TB in children (182). It is believed that replicating CMV-based
vaccines will be needed, but this type of vaccine needs to be
proven effective.

5.2.3 1gG/IgM
While the role of humoral immunity in TB has been
controversial, several reports have led to a reassessment of the
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significance of antibody-mediated immunity in providing
protection against Mtb (183-185). Antibodies can play an
important role in preventing or eliminating the initial Mtb
infection (Figure 2C). Antibodies can bind Mtb and increase
macrophage phagocytosis by binding Fc receptors and play an
effective role in clearing other intracellular pathogens. Recent
studies have shown that antibodies that prevent Mtb infection are
present in humans (183, 185). The first suggestion that antibodies
may be protective was reported by Teitelbaum et al. (186). Mtb was
pretreated with two monoclonal antibodies specific to cell surface
Ags and injected through the trachea. Pretreated bacterium-infected
mice lived substantially longer than control mice (186). Moreover,
Ag85A-specific IgG responses have been associated with reduced
TB development (187). Alternative vaccination routes, such as
mucosal and IV, result in the production of pulmonary IgA and
iBALTs, reducing the bacterial burden (161, 162, 171). Recently,
Edward et al. reported that IgM has a negative correlation with Mtb
load upon IV-BCG vaccination in macaques (188). They examined
antibody responses across several BCG vaccine regimens in NHP
models to determine if particular antibody profiles were linked with
better Mtb control. Correlation analysis revealed a particularly
strong association between plasma and bronchoalveolar lavage
IgM responses and reduced Mtb burden upon BCG vaccination.
Importantly, elevated Ag-specific IgM titers were observed not only
in the lungs but also in the plasma of the IV-vaccinated animals.
Furthermore, IgM antibodies enhance the Mtb restriction activity in
vitro. These reports show the potential of IgG or IgM as a new COP
in clinical practice.

These humoral and cellular in situ immune responses can be
targeted for induction by a TB vaccine. Such a strategy can create a
favorable environment for the host to control Mtb. Pathogen-
antibody complexes formed by IgM or IgG secreted by B cells can
promote the phagocytosis of Mtb by macrophages. A rapid and
appropriate T-cell response to infection can induce Mtb control by
inducing the activation of macrophages in the early stages of
infection (Figure 2D).

5.3 Key compensatory markers

5.3.1 Biomarkers in urine samples

Finding a biomarker for COPs of a TB vaccine in urine offers
several advantages over blood with respect to collection and safety. In
particular, the development of biomarkers for COPs through urine
sampling can be helpful in controlling TB by using vaccines in the
least-developed countries, especially in the least-developed countries
with a high incidence of TB, because vaccination subjects can
continually collect samples themselves after simple education.

The possibility of identifying COPs for TB vaccination via
biomarkers in urine is suggested by urine analysis studies on
indicators of TB development and treatment. For example, in
active TB patients, inflammatory mediators such as IL-8, IL-2,
TNF-o, IFN-y, chemokine ligand (CCL) 5, macrophage
inflammatory protein-1 alpha and beta were not detected in the
urine, but chemokine (C-X-C motif) ligand (CXCL) 10 was
persistently detected (189). Moreover, the level of CXCL10 in
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urine was decreased in patients treated with TB drugs compared
to that in active TB patients (189, 190). However, the CXCL10 level
in urine is not a specific biomarker that is increased only by
pulmonary TB infection, but it can be used as a limited
biomarker because it shows a similar increase in patients with
other lung diseases. Lipoarabinomannan (LAM), an Mtb cell wall
component detected in urine, was used to establish a urinalysis for
diagnosing disseminated TB patients among human
immunodeficiency virus (HIV)-infected patients (191, 192). In
addition, changes in the levels of 12 metabolites in urine were
reported in patients with active TB after anti-TB treatment (193).
Biomarker analysis using urine samples is also being applied in
vaccine research. To evaluate the toxicity of two influenza vaccines
with different toxicities in a mouse model, hydrogen-1 nuclear
magnetic resonance spectroscopy was used to observe changes in
urine metabolite levels, and findings were compared with existing
toxicity indicators such as weight loss and leukopenia (194). In
addition, analysis of changes in urinary cytokine levels, as a
predictor of immunogenicity and reactogenicity, induced by the
ASO1g-adjuvanted hepatitis B vaccine in healthy adults was used to
evaluate the effectiveness of the vaccine (NCT01777295). Upon
measuring the concentrations of 24 cytokines in the urine of the
saline-administered control group and the vaccine group, a
transient increase in CCL2 and CXCLI10 levels was observed after
vaccination (195). These results show the possibility of discovering
biomarkers as COPs for TB vaccination through urine analysis.

5.3.2 Type | IFNs
Detrimental roles of type I IFNs in TB pathogenesis have been
extensively investigated. However, there have also been reports on
the protective role of type I IFNs in relation to TB vaccines. For
example, it has been reported that type I IFNs can increase the
immunogenicity of the BCG vaccine in mouse models. These
reports showed that vaccination with ESX-1-expressing BCG
could increase vaccine efficacy against Mtb infection in murine
models by increasing ESX-1-dependent type I IFN production (196,
197). In the case of MTBVAGC, the double deletion of phoP and
fadD26 resulted in a 25- to 45-fold increase in c-di-AMP levels
compared to those with Mtb or BCG, which resulted in attenuation
of toxicity and high vaccine efficacy in a mouse model through an
ESX-1 system-dependent type I IFN response (198, 199).
Additionally, vaccination with BCGABCG1419¢ in mouse models
had a higher vaccination efficacy than normal BCG vaccination
(200). The BCG1419c gene encodes a cyclic diguanosine
monophosphate (c-di-GMP) phosphodiesterase that normally
functions to hydrolyze c-di-GMP. Vaccination with
BCGABCG1419c¢ is expected to result in the production of more
c-di-GMP, which is thought to have a protective effect by inducing
an increase in type I IFN signaling through the TANK-binding
kinase 1 and interferon regulatory factor 3 cascade (200, 201). In
addition, the administration of IFN-o. in combination with BCG
vaccination has been shown to increase the efficacy of the TB
vaccine in a mouse model (202). These results indicate that type I
IFNs may have different functions in TB pathogenesis and vaccine-
induced immunity and the positive role of type I IFNs shows their
potential as biomarkers for the efficacy of vaccine candidates.
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6 The fifth hurdle: further
considerations

6.1 Factors affecting vaccine
efficacy: preexposure to related and
unrelated pathogens

6.1.1 Helminth

Chronic infection with helminths has been well documented in
cells secreting IL-10 or TGF-f and induces the induction of Tregs,
which downregulate both Thl and Th2 immune responses and
mainly interfere with the function of effector Th1 cells (203). These
immunological properties of helminths can affect the efficacy of TB
vaccines. BCG immunogenicity was found to be lower in individuals
with helminth infection than in those treated with anti-helminthic
drugs (204). The reduced responses were associated with decreased
purified protein derivative (PPD)-specific IFN-y and IL-12
production and with an enhanced PPD-specific TGF-f3 response
rather than an increase in the PPD-specific Th2 response itself.
Likewise, helminth-infected college students aged 18 to 24 years in
Ethiopia who received deworming therapy prior to BCG vaccination
displayed relatively more PPD-specific immune responses than
untreated control individuals (205). Similarly, maternal infection
with helminths during pregnancy negatively influenced the
frequency of IEN-y-producing T cells in the cord blood of neonates
(206) as well as the development of Thl immunity in offspring
vaccinated with BCG (207). Recently, Schick et al. reported that
Nippostrongylus brasiliensis infection-induced production of IL-4 or
IL-13 suppressed the HI1/CAFO01 vaccination-induced Th1/Th17
response in a mouse model (208). These reports show that
immunization by vaccination or infection with helminth after
vaccination can affect vaccine efficacy. This problem is prominent
in most of the world’s tropical and subtropical developing countries
that have populations that are susceptible to helminth infection.

6.1.2 Nontuberculous mycobacteria

(NTM): NTM have been reported to have cross-reactivity with
BCG in humans (209), which is thought to be a factor that may
affect the vaccine efficacy of BCG. BCG vaccination has been
reported to show some protective effects against NTM infection
in humans (210). In a mouse model, exposure to NTM after BCG
vaccination also enhances BCG efficacy against Mtb infection (211),
suggesting that the impact of NTM infection on BCG efficacy varies
depending on factors such as the timing of exposure, route of
infection, and viability of NTM. However, prior sensitization to
NTM has the potential to stop BCG proliferation, prevent the
induction of an effective BCG-directed immune response, and
ultimately inhibit the protective effect against Mtb infection (212).
Another study reported that oral exposure to Mycobacterium avium
after BCG vaccination reduced the efficacy of BCG vaccination
against Mtb infection in a mouse model (213). Humans are
inevitably exposed to NTM via multiple infection sources such as
shower water, soil, and pool water. Thus, the effect of NTM
exposure and its precise mechanism of action on immunological
responses are worth further investigation.
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6.2 Vaccine application in the context of
underlying diseases

TB is the leading cause of death among people living with HIV,
affecting the immune system and eventually waning defense
systems against infections, leading to an increase in the risk of
TB. It is well-reported that people living with HIV are more than 20
times more susceptible to developing active TB. Therefore,
protection against these two diseases is of complementary
importance. Because of HIV-related immunosuppression, the TB
vaccine may be less immunogenic and less effective in people with
HIV infection than in people without HIV infection (214). Because
HIV-infected people are a large subpopulation at a high risk of TB
infection and disease, it is important to include them in TB vaccine
trials. A vaccine that is expected to have a protective effect against
HIV is being developed based on a promising vaccine candidate in
the TB vaccine clinical stage or BCG vaccine (215).

Diabetes prevalence affects TB incidence and TB mortality,
resulting in two to three times the probability of developing TB,
two times the risk of death during TB treatment, four times the risk
of TB recurrence after completion of treatment, and two times the
risk of infection with multidrug-resistant TB (MDR-TB). A cohort
study reported that the longer the period of diabetes was, the more
associated with TB disease, and TB was more commonly identified
in patients with a fasting plasma glucose level over 202 mg/dL (216).
In addition, it was confirmed that the higher the glucose
concentration in the blood of diabetic patients was, the weaker
the adaptive immune response to Mtb (217). Verma et al.
established a latent TB infection mouse model and induced
diabetes in Mtb-infected mice by administering streptozotocin to
investigate the relationship between latent TB and diabetes. These
hyperglycemic conditions led to a decrease in MCP-1 and MMP9
levels and increased MMP1 levels in latent TB infection, which may
lead to reactivation of latent TB infection by disrupting granulomas
(218). Clement et al. reported that metabolic stress caused by
hyperglycemia decreases Ag presentation ability and inhibits the
proliferation of CD4" T cells (219). These reports suggest the
possibility that diabetes can affect the formation of TB vaccine-
induced protective immunity.

6.3 Vaccination for elderly people

In old age, lung structural degeneration as well as changes in
immune cell functions make people vulnerable to respiratory
diseases, and these age-related immunological changes may also
affect vaccine efficacy. The incidence of TB is common in elderly
individuals and increases progressively with age, and mortality from
TB is also higher in older patients (220). This phenomenon is
related to the reactivation of lesions from a dormant state, which is
affected by changes in the immune system with aging. In addition,
chronic inflammation in aging individuals disrupts T-cell
responses, followed by decreased vaccine efficacy. For example,
the application of a delayed-type hypersensitivity model of BCG
vaccination and TST of aged NHPs showed that the immune
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response to antigenic challenges between the tissue site and the
periphery is compromised, restricting the optimal immune memory
response (221). A follow-up study showed reduced or delayed T-cell
recall responses to lung infection sites in aged BCG-vaccinated
rhesus macaques (222).

Recently, nonspecific protective efficacy of the BCG vaccine was
confirmed against respiratory diseases such as COVID-19 through
immunological changes favorable to respiratory infections in elderly
people (223, 224). Many findings reveal that this nonspecific
protection is generated from innate immune memory via
metabolomic and epigenetic reprogramming, also known as trained
immunity. Blood samples before and 1 month after BCG vaccination
were compared in 82 subjects between the ages of 60 and 80 years
(225). It was confirmed that BCG vaccination induced reductions in
the levels of pro-inflammatory cytokines (TNF-c, IL-6, IL-1B) and
chemokines (CCL2 and CXCL10), acute phase proteins such as C-
reactive protein, and matrix metalloproteinases (225, 226).
Considering the immune activation by BCG vaccination in elderly
people and the positive results of BCG revaccination, BCG
revaccination in elderly people may be a beneficial strategy to
reduce elderly mortality due to TB.

6.4 Oral vaccination: an alternative route
for TB vaccine

TB vaccine candidates currently in the clinical stage are
vaccinated through the intramuscular (IM) route or ID route. In
addition, studies with noteworthy results in preclinical stages
through the aerosol route or the intravenous route have recently
been reported. However, studies on oral route vaccination are still
limited. In the case of BCG, since the safety of the ID route of BCG
for mass vaccination was confirmed by Scandinavian researchers in
the 1930s, it has been used until now (227). However, the BCG
vaccine was initially developed as an oral vaccine and was used in
that form until an incident in Germany in 1930, when the oral BCG
vaccine was contaminated with Mtb. In Brazil, oral BCG
vaccination was administered to newborns until 1976. Recently,
Hoft et al. demonstrated the safety of oral BCG vaccination through
a comparative analysis of 68 healthy adults who received BCG via
the intradermal (ID) route and the oral route (228). ID-BCG
vaccination induced a higher systemic Th1 response than the oral
route. In contrast, oral route BCG vaccination produced more
elevated Mtb-specific secretory IgA and Mtb-specific
bronchoalveolar lavage T cell responses than ID-BCG vaccination
(228). A lipid-based formulation has been developed for oral BCG
vaccination, and the results of vaccination in BALB/c mice showed
increased vaccine efficacy compared to conventional BCG
vaccination (229). In addition, to increase the efficacy of oral
vaccination of lipid-formulated BCG vaccination, improved
vaccine efficacy was confirmed through aerosol infection after oral
vaccination with recombinant BCG expressing Ag85B-ESAT6
fusion protein in a guinea pig model (230). The effectiveness of
oral vaccination was also confirmed with a subunit vaccine model.
Although oral immunization was less effective as a priming
vaccination of fusion protein ESAT-6-Ag85B with detoxified
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monophosphoryl lipid A (MPL), heterogeneous priming and
boosting vaccination strategies combined with oral boost induced
significant systemic Thl response, providing protection similar to
or exceeding vaccination via the SC route against Mtb
infection (231).

Oral vaccination is an appealing route due to the absence of needles,
which eliminates the risk of cross-infection, and the ability to
administer vaccines without the need for specialized healthcare
professionals. Exploring the properties of this unconventional vaccine
route presents an additional potential strategy for TB vaccination.

7 Conclusions

Despite recent progress in clinical trials of several vaccine
candidates and anti-TB drugs, the World Health Organization
(WHO)’s “End TB strategy” milestone of the year 2025 has become
challenging due to the coronavirus disease 2019 (COVID-19)
pandemic. With the continued high prevalence and the death rate
returning to the levels observed 10 years ago, researchers’ endeavors to
find novel strategies to combat TB have been crippled. Nevertheless,
advanced knowledge on new immune factors and consistent efforts to
develop vaccine candidates will reveal promising ways to combat TB.

Most vaccine studies have focused on Th1 cells and the effector
cytokine IFN-y as potential indicators of vaccination success and
vaccine efficacy. However, as the protective functions of IL-10,
which have been considered negative, or novel protective functions
of Th17 cells have been revealed through numerous studies, the
narrow view of vaccine immunity has been expanded. From this
point of view, the understanding of the functions of currently
known factors is unlikely to be complete, as the factors can
perform different functions in a temporally and spatially diverse
immune environment. Novel analyses, such as those based on novel
immune indicators, metabolomics and transcriptome analysis, may
provide further insight into the complex immune environment and
control of TB with vaccines. Furthermore, to progress beyond the
existing ‘one-size-fits-all’ treatment approach, the prescription of a
treatment strategy classified according to the patient’s condition is
being considered (232, 233). These considerations should account
for individual characteristics such as underlying disease and
epidemiological status. For example, live attenuated vaccines,
including the BCG vaccine, can be lethal in HIV-positive patients.
In particular, elderly people over the age of 65 years who are very
vulnerable to infection can be an important target.

The seriousness of the recent COVID-19 crisis and the quick
response of humans to overcome it provide a positive message for
overcoming existing diseases such as TB. However, reports of side
effects such as myocarditis and severe allergic reactions (234, 235)
indicate that immune balance is an important consideration for
vaccine development. More than 100 years have passed since Koch
first identified Mtb, and many researchers have made efforts, with
many advances, to control these vicious bacilli that have killed a
tremendous number of people. With numerous vaccine candidates
being evaluated in clinical trials, the direction of TB vaccine
development seems much more sophisticated than in the past, but
achieving the intended goal remains challenging. Although several
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candidates showing protective efficacy in animal models eventually
failed to exhibit vaccine efficacy in clinical trials, the collection and
analysis of data for each candidate, whether successful or not, are
obviously valuable to reduce the probability of failure. In addition, the
use of BCG or BCG revaccination should be maximized and optimized
in combination with other types of vaccine candidates (236). Finally,
heterogeneous vaccine strategies with candidates in different phases of
clinical trials, such as adjuvanted subunit priming with a vector-based
candidate boost, can be another strategy for better inducing pleiotropic
protective immunity.
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