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Purpose: Aimed to investigate the potential of N-acetylcysteine (NAC) as an adjunctive immunomodulatory therapy to support the
host immune response against Mycobacterium tuberculosis by enhancing interleukin-2 (IL-2) production.

Patients and Methods: A quasi-experimental study was conducted on the effect of NAC administration on IL-2 levels in patients
newly diagnosed with pulmonary tuberculosis at Universitas Airlangga Teaching Hospital, Indonesia. Participants who met the
inclusion criteria were subsequently divided into two groups: treatment group (received 600 mg every 12 hours of NAC therapy,
n = 15) and control group (did not receive NAC therapy, n = 15). Enzyme-linked immunosorbent assay (ELISA) was used to analyze
IL-2 levels in both groups, which were subsequently compared using statistical analysis.

Results: Analysis of IL-2 levels before treatment with NAC revealed no significant difference between the treatment and control groups. The
treatment group exhibited a significant increase in IL-2 levels after NAC administration (p=0.023). The median IL-2 level in the treatment
group increased from 243.7 to 386.62 ng/L after two weeks of NAC administration, whereas in the control group, it decreased from 303.6 to
285.89 ng/L. The comparison test analysis of delta IL-2 levels also showed a significant difference between the treatment and control group
(p = 0.025), with the median value of delta IL-2 levels in the treatment group being 147.0 ng/L and —24.7 ng/L in the control group.
Conclusion: This preliminary study demonstrated that IL-2 levels significantly increased with NAC supplementation, suggesting an
enhanced immune response and its potential as an adjunct to standard tuberculosis therapy.
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Introduction

Tuberculosis (TB) is an infectious disease that is responsible for significant health issues worldwide as one of the leading
causes of death from a single infectious agent following 3 years in which it was replaced by coronavirus disease
(COVID-19), and caused nearly double the number of deaths as human immunodeficiency virus (HIV)/AIDS.!
According to the Global Tuberculosis Report 2024 by World Health Organization (WHO), TB affects 10.8 million
people, including 6.0 million males, 3.6 million females, and 1.3 million children, with a mortality rate of 1.25 million in
2023.2 The host immune response is essential in regulating Mycobacterium tuberculosis (M. tb) infection, with inter-
leukin-2 (IL-2) serving as a key cytokine in T-cell activation and proliferation.’

The reduction in immune function observed in active TB is attributed to the depletion of IL-2 supply.* IIL-2 is a pro-
inflammatory cytokine produced by T cells (Thl) that contributes significantly to the immunopathogenesis of M. b
infection.” IL-2 stimulates the proliferation and differentiation of CD4+ and CD8+ T cells, natural killer (NK) cells, and
B lymphocytes via a positive feedback loop. IL-2 exerts autocrine effects on CD4" and CD8" T cells, promoting CD4+
T cell differentiation toward Thl and enhancing CD8+ T cell activity and memory formation. In addition, IL-2 acts in
a paracrine manner to augment NK cell cytotoxic activity.® However, IL-2 is rapidly used by activated T cells in active
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TB, resulting in its depletion. An imbalance in the number or function of T cells caused by this depletion can disturb the
formation of granulomas, allowing M. b to evolve into active TB.*’ The description above reflects the typical immune
response in TB patients. In patients who have previously received TB therapy or in retreatment cases, there is a notable
decrease in Tnaive cells, together with a reduction in effector T cell activity, particularly in Thl cytokine production.®’

Recent studies have suggested that NAC, a known antioxidant and mucolytic agent, may also possess immunomodu-
latory properties.'”'! NAC may help improve the efficiency of IL-2 production by T cells without worsening the existing
immune imbalance. Its role is more immunomodulatory rather than immunostimulatory. By reducing oxidative stress, NAC
can contribute in restoring impaired T-cell function and enable a more stable and sustained production of IL-2.'%"3
However, to the best of our knowledge, although studies on NAC in TB cases exist, none have specifically investigated
its potential effect on cytokine profiles, particularly IL-2 in humans. Existing evidence coming from other conditions
besides TB,"* or performed in animal models, both in vitro and in vivo. According to an in vitro study by Guerra et al,'
administration of 20 mM NAC resulted in a positive effect on the treatment of IL-2 and IL-12 in 23 samples. The study
revealed a glutathione (GSH)-related pathway that enhances NK cell function against TB infection by inhibiting the growth
of M. tb strains (H37Rv) by threefold.'® NAC elevates intracellular GSH, thereby boosting the immune activity of NK cells
and macrophages and potentially enhancing immunity against M. tb through increased IL-2 production.” In contrast, the
absence of NAC resulted in no significant increase in IL-2 levels. Increasing cellular GSH through various cytokines and
NAC has been demonstrated to improve the effects on NK cells while reducing M. tb proliferation. In addition, NAC
reduces the production of IL-10, a cytokine that promotes mycobacterial proliferation, as well as pro-inflammatory
cytokines such as IL-1, IL-6, and TNF-a, which are known to aggravate oxidative stress.'”'® Therefore, this study
makes an attempt to translate the findings of the above laboratory studies into real clinical conditions.

Considering the high prevalence of pulmonary TB in Indonesia and the absence of prior human studies evaluating the
effect of NAC on IL-2 levels, this pilot study is the first to assess the effect of NAC supplementation on IL-2
concentrations in patients with newly diagnosed pulmonary TB. This study investigated the potential of NAC to enhance
IL-2 production, with the aim of providing preliminary evidence for its role as an adjunctive immunomodulatory therapy
to support the host immune response against M. tb.

Materials and Methods
Study Design and Subjects Characteristics

This quasi-experimental study on the effect of NAC administration on IL-2 levels in patients with newly diagnosed
pulmonary TB employed a pre- and post-control group design. The subjects were patients diagnosed with new cases of
pulmonary TB between May and August 2024 at the Universitas Airlangga Teaching Hospital, Surabaya, Indonesia.
Consecutive sampling was implemented while complying with the inclusion and exclusion criteria, and the treatment and
control groups were randomized using a simple randomization method.

Inclusion criteria included adults aged 18 years and older; new cases of bacteriologically confirmed pulmonary TB
patients based on GeneXpert MTB/RIF assay result who had not initiated anti-TB therapy; and willingness to participate
in the study by completing an informed consent form. Participants who met the inclusion criteria were subsequently
divided into two groups: treatment group (who received an additional 600 mg every 12 hours of NAC therapy) and
control group (who did not receive any additional NAC therapy). Pregnant and lactating women, individuals infected
with HIV, those suffering from autoimmune diseases or currently using immunosuppressive drugs, individuals with
severe chronic comorbidities such as cancer, and individuals who 2 weeks prior to study consumed antioxidant
supplements were excluded. The following criteria were used to drop out participants: non-compliance with the
administration of anti-tuberculosis medications and NAC (<100%), absence of IL-2 levels due to patients not attending
the final assessment after two weeks of NAC administration, and allergy to NAC.

Questionnaire
A pre-tested questionnaire was used to collect information on demographic characteristics (name, age, address, gender,
phone number, occupation), medical history (clinical complaints or symptoms, current comorbidity history, history of TB
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disease, history of TB treatment, history of antioxidant supplements consumption, family medical history, history of drug
allergies), special conditions (eg, pregnancy), and history of contact with TB patients. Physical examination was
conducted, including weight, height, vital signs (blood pressure, pulse, temperature, and respiration rate), and head,

neck, thorax, abdomen, and extremity examinations. All participants were interviewed face to face.

Plano Test Examination

Planotest kit (Sensitif — PT Danpac Pharma, Jakarta, Indonesia) was used for all female samples to detect pregnancy,
which is an exclusion criterion. Urine was collected for this test and the pregnancy test strip was dipped into a specific
line. The outcomes of the strips were evaluated after 2-3 minutes.

Monitoring and Evaluation of Treatment Adherence

Each participant was supplied with a self-monitoring card to assess patient adherence to NAC administration (600 mg every
12 h) and to standard anti-TB treatment by marking each dose taken daily on the card. Regular follow-up phone calls were
made to reinforce and monitor participants’ adherence. The participants received reminders about the dosing schedules and

were encouraged to report any missed doses or adverse events during the call to improve compliance and reduce recall bias.

Examination of Interleukin-2 Levels

Venous blood samples of 10 cc were collected from the patients using a 5-cc spuit and subsequently divided into two
blood vials, each containing 5 cc. The samples were placed in a cool box and transported to the KALGen INNOLAB
Laboratory for centrifugation and storage. Blood sampling was performed twice: first, on day 1 before receiving NAC
and anti-TB treatment, and secondly on day 15.

IL-2 levels were measured at the KALGen INNOLAB Laboratory using the Human Interleukin 2 ELISA Kit obtained
from Bioassay Technology Laboratory Co., Ltd., Wuhan, China (Cat. No. E0094Hu), following the manufacturer’s
instructions. The blood samples were allowed to clot at room temperature for 10-20 minutes before centrifugation at
3000 rpm for 20 minutes. The resulting serum samples were aliquoted and stored at 2°C until further analysis. Prior to the
assay, all the reagents and samples were stored at room temperature. Standard and serum samples were added in duplicate to
a 96-well microplate precoated with a monoclonal antibody specific for human IL-2. After incubation with the biotinylated
detection antibody, streptavidin-HRP was added to bind to the biotinylated IL-2 antibody. After incubation, unbound
streptavidin-HRP was thoroughly washed. Following the washing step, the substrate solution was added and the color
developed in proportion to the amount of Human IL-2. The plate was then incubated in the dark at 37°C for 15-20 minutes.
The reaction was stopped by adding stop solution, and absorbance was measured at 450 nm using a microplate reader.

Ethics Statement

Written informed consent for publication was obtained from study participants. Informed consent for adults who are not
capable of giving informed consent due to age, physical incapacity, or local ethical requirements, consent was obtained
from a parent, legal guardian, or next of kin. The study was performed in accordance with the ethical principles of the
Declaration of Helsinki and was approved by the Institutional Review Board of the Universitas Airlangga Teaching
Hospital (registration number: 058/KEPK/2024).

Statistical Analysis

Data were recorded on data collection sheets that were arranged, processed, and analyzed using computer software. IBM
SPSS Statistics V.30 program was used to analyze the data. The statistical analysis used to test the difference in IL-2
levels between the treatment and control group was an independent #-test for normally distributed data and the Mann—
Whitney test for data that were not normally distributed. IL-2 was analyzed before and after NAC administration using
the paired #-test analysis test for normally distributed data and Wilcoxon test for data that were not normally distributed.
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Results

Characteristics of Research Subjects

Thirty subjects who met the inclusion and exclusion criteria were subsequently divided into two groups: 15 in the
treatment group and 15 in the control group. The general characteristics of the study participants, including gender, age,
and comorbidities, are presented in Table 1. The majority of the subjects in each group were male: 10 (66.7%) in the
treatment group and 11 (73.3%) in the control group. The distribution of the gender between the two group according to
the chi-squared test was not significantly different (p=1.000) (Table 1).

A normality test using the Shapiro—Wilk method of age distribution indicated that the data were normally distributed.
The mean (median) + SD age distribution in both group is presented in Table 1. According to the chi-square test, the age
distribution between the treatment and control group was not significantly different (p>0.05) (Table 1).

Most subjects reported no comorbidities. Only 2 subjects had diabetes mellitus as a comorbidity, with 1 subject
(6.7%) in each group. Similarly, no significant differences were observed in the comorbidity distribution (p>0.05).
Additionally, analysis of IL-2 levels prior to NAC treatment revealed no significant differences between the treatment
and control group (Table 1).

IL-2 Levels in the Treatment and Control Groups Pre- and Post-NAC Treatment
The data obtained from the normality test of IL-2 levels using the Shapiro—Wilk method indicated that all variables,
including delta IL-2 and IL-2 levels before and after the intervention, were not normally distributed. Consequently, the
data analysis in this study employed the non-parametric Wilcoxon signed-rank test and Mann—Whitney U-test.

The median IL-2 levels in the treatment group prior to NAC and control group prior to NAC treatment in new cases
of pulmonary TB patients were 243.7 ng/L and 303.6 ng/L, respectively (Table 2).

Table | Characteristics of the Subjects

Characteristics Treatment Group | Control Group | p-value
Gender (n[%]) 1.000
Male 10 (66.7) Il (73.3)
Female 5 (33.3) 4 (26.7)
Age (Mean [Median] * SD) 42.5 (45.0) £ 9.27 | 45.4 (48.0) £ 9.42 0.408
Comorbidity (n[%])
Diabetes Mellitus 1 (6.7) 1 (6.7) 1.000
No comorbidity 14 (93.3) 14 (93.3) 1.000
IL-2 Levels Pre-Treatment (Median [min — max]) | 243.7 (28.8-2855.2) | 303.6 (5.0-2112.2) 0.213

Table 2 IL-2 Levels in the Treatment and Control Groups Pre- and Post-NAC

Treatment
Group IL-2 (ng/L) p-value
Median (min-max)
Pre-Treatment Post-Treatment
Treatment (NAC) (n = 15) | 243.7 (28.8-2855.2) | 386.6 (153.7-2499.7) 0.023
Control (n = 15) 303.6 (5.0-2112.2) 285.9 (5.0-1987.1) 0.594

https:
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The median IL-2 level in the treatment group increased to 386.62 ng/L after two weeks of NAC administration,
whereas it decreased to 285.89 ng/L, as presented in the control group (Table 2).

The treatment group exhibited a statistically significant increase in IL-2 levels following administration of NAC
(p=0.023). In contrast, no significant differences were observed in the control group (p=0.594) (Table 2). Figure 1 shows
that the median IL-2 level following NAC administration was higher than that before NAC administration.

Comparative Analysis of IL-2 Levels Between Treatment and Control Groups

The delta value of IL-2 level was calculated by subtracting the values obtained after and before NAC treatment. The
median delta IL-2 levels in the treatment group were 147.0 ng/L, while a decrease observed in control group with
a median delta value of —24.7 ng/L (Table 3). Analysis of the delta value of IL-2 levels between the treatment and control
groups revealed a significant difference (p=0.025), indicating that NAC administration positively influenced IL-2 levels.
Comprehensive data outcomes are presented in Table 3 and Figure 2.

Evaluation of Treatment-Related Adverse Effects

The reported side effects after administration of 600 mg NAC every 12 h for 14 days in the treatment groups were mild
gastrointestinal disturbances, including nausea and abdominal discomfort, which occurred in only one subject (6.7%).
The reported side effects were mild and lasted only for one day, and discontinuation of the treatment was not required.

Discussion

The IL-2 levels observed over two weeks after NAC administration showed that the median IL-2 levels were higher in
the treatment group than in the control group. These results are consistent with those of previous in vitro study that
demonstrated a beneficial role of NAC in the treatment of active TB. The study reported that 10 mM NAC therapy, which
elevated IFN-y, IL-12, and IL-2 levels in vitro. This finding shows that cytokine balance is important for proper immune
response against M. th, and the proper ratio and proportion of the type of cytokines is crucial for the correct and efficient
response against TB.'” Study by Viora et al,”° supported these results by showing upregulated secretion of IL-1pB, IL-2,
IL-12, and IL-15 in phytohaemagglutinin (PHA)-stimulated peripheral blood mononuclear cells (PBMC) treated with
NAC. The production of IL-2 by CD4-positive cells from diabetic NOD donor mice was also reported to be significantly
enhanced by NAC in vitro.!

Comparative analysis of IL-2 levels in both group monitored over two weeks showed that the group receiving NAC
therapy experienced a significant increase in IL-2 levels. On the other hand, in the control group, the IL-2 levels relatively
decreased, indicating that there was not enough additional stimulus to enhance the cellular immune response during the
two-week monitoring period. NAC predominantly increases IL-2 by acting as an antioxidant, which restores cellular redox
balance, enhances T cell activation and function, and influences IL-2 gene transcription by regulating signalling pathways
such as NF-«kB. This theory aligns with the literature, indicating that NAC consists of several important functional groups,
including acetyl group (-COCH3), carboxylate group (-COOH), amine group (-NH2), and thiol group (-SH). The thiol
group is the most critical component of NAC biological activity. The free thiol group is responsible for the direct
antioxidant activity of NAC due to the capability of reacting with reactive oxygen and nitrogen species (RONS). In
experimental settings, NAC rapidly interacts with hydroxyl radicals (*OH), nitrogen dioxide (*NO2), carbon trioxide ion
(CO3*"), and thiyl radical (RS®), as well as nitroxyl (HNO), the reduced and protonated form of nitric oxide (*NO).**??
Literature also mentioned that NAC, as a potent antioxidant, potentially acts as an immunomodulator that is directly linked
to its ability to increase levels of intracellular cysteine with a subsequent increase in GSH, consequently reducing oxidative
stress in immune cells.”> NAC according to the literature, is a low-molecular-weight thiol compound, in which deacetyla-
tion results in elevated levels of intracellular cysteine. Cysteine may be a limiting factor in GSH synthesis, and NAC has
been demonstrated to elevate GSH levels in some cell types.”* The precise metabolic mechanism of NAC increases the
intracellular pool of GSH and directly scavenges oxidants remains unclear. Literature suggests that NAC is transported into
cells and then hydrolyzed, consequently inducing the synthesis of GSH.*>

The elevated levels of intracellular GSH and regulation of NF-kB by NAC, results in the inflammation and oxidation

26

reduction.” NAC treatment in vivo and in vitro induced a Thl response by elevating the intracellular GSH level in antigen-
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Figure | Interleukin-2 (IL-2) levels in new pulmonary tuberculosis cases before (Pre) and after (Post) N-acetylcysteine (NAC) administration in (A) Treatment group: the
median IL-2 level increased significantly after two weeks of NAC (p = 0.023). (B) Control group: the median IL-2 level decreased with no significant change (p = 0.594).
Boxplots represent the median (horizontal line), interquartile range (box), and minimum—maximum values within 1.5% IQR (whiskers). *Indicates extreme outliers (values

> 3% |IQR). olndicates moderate outliers (values > [.5% but < 3% IQR).
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Table 3 Comparison Test Analysis of Delta IL-2 Levels in the Treatment Group
and Control Group

Group No. Subjects Median (min-max) ng/L p-value
Treatment (NAC) 15 147.0 (—2701.6—-1349.9) 0.025
Control 15 —24.7 (-608.4-924.2)

presenting cells.”” GSH supplementation also increased Th1 cytokines, such as IL-2, IL-12, IFN-y, and TNF-a.?* NAC enhances
T cells by activating the PI3K/Akt pathway and suppressing Foxo1, while also reducing ROS levels through the indirect increase
of small hydrophobic proteins. GSH has been demonstrated to stimulate T cell growth and metabolism. Thiol-mediated
regulation of IL-2 secretion is essential for T cell proliferation. T cell proliferation requires reduced thiols but not necessarily
GSH 242930

IL-2, a multipotent cytokine synthesized after antigen activation, which is essential for the immune response, may
play a critical role against M. tb. Identified in the supernatants of activated T cells, and is capable of mediating human
T cell growth and proliferation, IL-2 additionally enhances CD8+ T cell and NK cell cytolytic activity, while also
modulating T cell differentiation programs in response to antigen. Specifically, it promotes the differentiation of naive
CD4+ T cells into T helper-1 (Thl) and T helper-2 (Th2) cells, concurrently inhibiting the differentiation of T helper-17
(Th17) and T follicular helper (Tfh) cells.***! The adaptive immune system is primarily composed of T lymphocytes (T
cells), which are responsible for mediating cell-based immune responses to maintain the health of the host and prevent
the development of a variety of diseases.’” Progressive impairment of M. tb-specific T-cell responses can result from
chronic M. tb infection. This impairment is inversely proportional to the mycobacterial load and can be partially restored
during anti-mycobacterial therapy.®® M. th-specific CD4+ and CD8+ T cells ex vivo exhibit reduced production of IFN-y,

2000.00
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*
=
a
0.1 o
-ﬂ -1000.00
-2000.00
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-3000.00
Treatment Control
Groups

Figure 2 Changes in interleukin-2 (IL-2) levels (Delta = Post — Pre) in new pulmonary tuberculosis patients. The treatment group showed a significant overall increase after
NAC, while the control group exhibited no meaningful change. Significant difference (p=0.025) observed in the delta value of IL-2 levels between the treatment and control
groups. *Indicates extreme outliers (values > 3x IQR). olndicates moderate outliers (values > .5 but < 3x IQR).
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TNF-q, and IL-2, as predicted from exhausted T cells.***> A meta-analysis study investigated IL-2, IL-5, IL-13, IFN-y,
IL-10, and TNF-a in 14 studies with 982 subjects to assist the distinction between active TB and latent tuberculosis
infection (LTBI), and IL-2 with the highest overall accuracy.>® This was also supported by another systematic review and
meta-analysis that included 58 reports, accounting for 9291 participants, showing that IL-2 level after stimulation with
latent antigen is a potential biomarker for differentiating TB from LTBI.*” These facts demonstrate that IL-2 may serve as
a biomarker in tuberculosis patients and is significant in the immunological response to tuberculosis infection.

In this study, the adverse effects that manifested after NAC administration for two weeks were classified as minor,
specifically gastrointestinal. Literatures indicate that the toxic effects of NAC are only observed at very high doses, above
6 g/kg when administered orally and above 2 g/kg when administered intravenously. When administered orally, NAC is
rapidly absorbed and metabolized in the intestine and liver. Following oral treatment, the maximum plasma concentration
(Cmax) occurs within 1-2 h.>**® The side effects of NAC range from mild to severe, depending on the formulation and
dosage. However, multicenter studies have demonstrated that both intravenous and oral NAC are associated with
minimal side effects. In oral administration, the most common side effects were gastrointestinal symptoms, such as
nausea, vomiting, and diarrhea, as well as rhinorrhea, itching, and erythema.B’38 Additionally, moderate side effects,
including gastrointestinal reactions, such as dyspepsia, diarrhea, sweating, and erythema, have been reported in other
literature when NAC was administered orally at a dose of 150 mg/kg. Compared with intravenous administration, oral
administration induces significantly fewer adverse effects.**** Notably, the adverse effects may also be attributed to the
anti-TB drug treatment received by the subjects; therefore, further analysis is required.

Maintaining or increasing IL-2 levels may be essential for enhancing treatment outcomes and accelerating recovery,
considering the critical function of IL-2 in regulating the cellular immune response against M. tb. These findings support
our initial hypothesis that NAC supplementation has the potential to improve the immunological status of newly
diagnosed TB patients by acting as an immunomodulator via the upregulation of IL-2 production. However, it should
be noted that this study did not examine IL-2 levels in healthy individuals; therefore, baseline values cannot be compared
between patients with active TB and healthy individuals. Therefore, inclusion of healthy controls in future studies is
required to provide baseline reference values. Additionally, there was no control over the consumption of foods
containing natural NAC, which may have independently affected the IL-2 levels. Future study may include a brief
dietary questionnaire identify the consumption of foods containing antioxidants and foods rich in L-cysteine, with
examples of such foods provided. This is a pilot study with a short observation period. Further research should consider
conducting clinical trials with longer duration and larger sample sizes, while also exploring dose—response relationships
and the role of NAC at different phases of TB treatment. This study evaluated only one immunological marker (IL-2)
while not addressing any clinical outcomes (eg, improvement in symptoms; weight gain), microbiological outcomes (eg,
sputum smear or culture conversion), or radiological outcome. Future research is needed to assess clinical, microbiologic,
as well as radiological end points and investigate other cytokines as well as broader immunologic profiles in an effort to
more fully elucidate the immunomodulatory effect of NAC.

Conclusion

A significant elevation in IL-2 levels was observed in patients receiving NAC supplementation, indicating an improve-
ment in immunological response. These findings suggest that NAC may be beneficial as an adjunctive agent to standard
anti-TB therapy for newly diagnosed pulmonary TB cases. Nevertheless, as this study presents preliminary results and
exploratory investigation, further well-designed large-scale clinical trials are required to verify these observations before

definitive clinical recommendations can be made.

Abbreviations

AFB, acid-fast bacillus; GSH, glutathione; HIV, human immunodeficiency virus; IL-, interleukin-; LTBI, latent tubercu-
losis infection; M. th, Mycobacterium tuberculosis; NAC, N-acetylcysteine; NK, natural killer; PBMC, peripheral blood
mononuclear cell; TB, tuberculosis; Tth, T follicular helper; Th, T helper-.
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