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Abstract

Background: The immune response to Mycobacterium tuberculosis (M. tuberculosis) is central to the pathogenesis of
tuberculosis (TB), yet the immune dynamics induced by drug-resistant strains remain underexplored. Understanding the host’s
immune response to both drug-sensitive and drug-resistant M. tuberculosis isolates is crucial for elucidating the mechanisms of
pathogenesis and resistance. This study aims to assess the cellular immune responses, including PBMC proliferation, cytokine
secretion (IL-4 and IL-17a), and reactive oxygen species (ROS) production in response to live drug-sensitive and drug-resistant
M. tuberculosis clinical isolates.

Methods: Peripheral blood mononuclear cells (PBMCs) from PPD-negative and PPD-positive healthy volunteers were stimulated
with live M. tuberculosis isolates, including MDR, Sl-resistant, and sensitive strains. The immune responses were assessed by
evaluating cell proliferation, secretion of IL-4 and IL-17a cytokines, and ROS production over a 9-day period.

Results: PBMCs from PPD-positive individuals exhibited a higher proliferative response compared to PPD-negative individuals,
indicating more robust immune memory. IL-4 secretion was low but varied among samples, with higher levels observed in
response to MDR isolates, suggesting a potential role in immunopathology. IL-17a levels increased over time, particularly in
PPD positive individuals, and MDR strains elicited a stronger response than sensitive isolates. ROS production was significantly
elevated in response to resistant strains, reflecting the host’s oxidative defense mechanismes.

Conclusion: This study demonstrates distinct immune responses to drug-resistant M. tuberculosis isolates, with variations in
cell proliferation, cytokine secretion, and ROS production. These findings provide insights into the immune dynamics during

infection with resistant strains and underscore the importance of genotype-environment interactions in TB pathogenesis.
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1. Introduction understanding of the host-pathogen interactions that drive

Tuberculosis (TB), caused by Mycobacterium tuberculosis,
remains one of the leading causes of death globally, despite
significant advances in diagnosis and treatment [1]. In 2022,
the World Health Organization (WHO) reported an estimated
10.6 million new TB cases and 1.6 million TB-related
deaths globally, with an increasing burden of drug-resistant
strains complicating management [2]. Drug-resistant TB,
particularly multidrug-resistant (MDR) and extensively
drug-resistant (XDR) M. tuberculosis, poses a major threat
to public health, requiring prolonged and often less effective
treatment regimens [3]. The emergence of these strains
underscores the urgent need for a more comprehensive

disease progression and treatment failure [4].

The immune response to M. tuberculosis is a complex process
that involves both innate and adaptive immune mechanisms
[5]. Upon infection, the pathogen is initially encountered by
innate immune cells, such as macrophages and dendritic
cells, which attempt to engulf and eliminate the bacilli [6].
These cells trigger the production of reactive oxygen species
(ROS) and pro-inflammatory cytokines as part of the defense
mechanism. ROS production is a key feature of the oxidative
burst, wherein phagocytes, such as macrophages, produce
superoxide radicals, hydrogen peroxide, and hydroxyl
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radicals to kill the bacteria [7]. However, M. tuberculosis
has evolved several mechanisms to resist oxidative stress,
including the production of antioxidant enzymes like
catalase-peroxidase (KatG) and superoxide dismutases
(SodA and SodC), which neutralize these reactive species
and aid in bacterial survival [8].

In addition to ROS, cytokine production plays a crucial
role in TB immunity. Cytokines such as interleukin-4 (IL-
4) and interleukin-17a (IL-17a) are key mediators in the
immune response to M. tuberculosis. 1L-4, produced by Th2
cells, is involved in the regulation of the immune response
and can modulate Th1 responses, which are essential for
controlling M. tuberculosis infection. While IL-4 may provide
protection against excessive inflammation in some contexts,
its elevated levels in TB have been associated with enhanced
immunopathology and disease progression [9]. On the other
hand, IL-17a, a cytokine produced by Th17 cells, plays a role
in neutrophil recruitment and granuloma formation, which
are essential for controlling M. tuberculosis growth. However,
excessive [L-17a production can lead to immunopathological
damage, promoting tissue damage and cavitation [10].

Understanding the regulation of these cytokines in the
context of drug-resistant M. tuberculosis strains is critical
for developing new therapeutic strategies. The interaction
between M. tuberculosis and the host immune system is
influenced not only by the host’s immune status but also by
the strain of M. tuberculosis involved. Drug-resistant strains,
such as MDR and XDR isolates, may evoke different immune
responses compared to drug-sensitive strains [11]. Previous
studies have shown that drug-resistant M. tuberculosis
strains exhibit altered immune evasion strategies, which
may contribute to their pathogenicity and ability to persist
in the host. These strains often exhibit increased virulence,
potentially due to genetic mutations that affect their
interaction with immune cells and the cytokine profile they
induce [12]. For instance, MDR strains have been reported
to induce higher levels of IL-4, potentially exacerbating
the inflammatory response and leading to more severe
disease [13]. However, studies investigating the comparative
immune responses to drug-resistant and drug-sensitive
M. tuberculosis strains, particularly in the context of live
mycobacterial stimulation, are limited.

Most studies to date have used laboratory-adapted strains of
M. tuberculosis (H37Rv) or in vitro antigens to study immune
responses [14-16]. While these studies have provided
valuable insights, they do not fully replicate the natural host-
pathogen interactions that occur during active infection. The
use of live clinical isolates, particularly those with different
drug resistance profiles, offers a more accurate reflection
of the immune responses encountered during infection.
Live bacteria are more likely to trigger authentic immune
responses, including cytokine production, cell proliferation,
and ROS production, which are critical for controlling the
infection and determining the outcome of the disease.

This study aims to evaluate the cellular immune responses
of peripheral blood mononuclear cells (PBMCs) from

purified protein derivative (PPD)-positive and PPD-
negative healthy volunteers upon stimulation with live
clinical isolates of M. tuberculosis. The study focuses on
cell proliferation, cytokine production (IL-4 and IL-17a),
and ROS production, with comparisons made between
drug-sensitive and drug-resistant isolates, including MDR
and streptomycin-independent (SI) resistant strains. By
examining these immune parameters in response to live M.
tuberculosis strains, the study seeks to better understand
the immune mechanisms underlying drug-resistant TB and
the differences in host responses that may contribute to the
pathogenesis of these strains.

2. Methodology

2.1. Study Subjects

A tuberculin skin test using 5 TU of tuberculin was
conducted on healthy volunteers who had been vaccinated
with Bacille Calmette-Guérin (BCG) and had no history of
clinical tuberculosis infection. Ten individuals with positive
tuberculin skin test results (PPD+) and six with negative
results (PPD-) were included in the study. The volunteers
were screened to ensure the absence of chronic illnesses,
no known contact with TB patients, and no acute medical
conditions at the time of enrollment. Heparinized whole
blood samples were collected from all participants.

2.2. Isolates and Growth Conditions

Clinical M. tuberculosis isolates used in the study included
multidrug-resistant (MDR) isolates resistant to isoniazid
and rifampicin, streptomycin-isoniazid-resistant isolates,
drug-sensitive isolates (susceptible to isoniazid, rifampicin,
streptomycin, and ethambutol), and the standard strain
H37Rv. These isolates were subcultured from Mycobacteria
Growth Indicator Tubes (MGIT) onto Lowenstein-Jensen (L])
medium and incubated at 37°C for 2-3 weeks. A singlecell
suspension was prepared by transferring a 10 mg moist-
weight cell pellet into a hard glass bottle containing sterile
distilled water and glass beads. The suspension was vortexed
to emulsify and allowed to settle before adding RPMI media
containing 1% antibiotic antimycotic mixture and 10% fetal
bovine serum (FBS). After standing for 15 minutes, the top
9 mL of the suspension was transferred to a fresh tube for
subsequent stimulation experiments.

2.3. Peripheral Blood Mononuclear Cell (PBMC) Isolation
and Stimulation

PBMCs were isolated from heparinized blood using density
gradient centrifugation with Histo-Paque as per established
protocols [17]. After layering blood diluted with RPMI
medium over Histo-Paque, samples were centrifuged at
400xg for 30 minutes at 25°C. The mononuclear cell layer
was harvested, washed twice with RPMI, and resuspended
in RPMI medium with 10% dimethyl sulfoxide (DMSO) for
storage. Prior to stimulation, PBMC viability and live cell
counts were assessed using the trypan blue exclusion method
[18]. PBMCs were plated at a density of 1 x 10° cells/well in
24-well plates and stimulated with single-cell suspensions
of M. tuberculosis isolates at a multiplicity of infection (MOI)
of 5. Phytohemagglutinin (PHA) served as a positive control,
while unstimulated PBMCs in RPMI medium served as a
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negative control. The plates were incubated at 37°C with
5% CO, for 24, 48, 120, and 216 hours. After incubation, the
well contents were collected, centrifuged at 4000 rpm for 15
minutes at 10°C, and the pellet and supernatant were stored
separately at -80°C until further analysis.

2.4. PBMC Proliferation Assay

Cell proliferation was quantified using a WST-8 cell
proliferation assay kit (Cayman Chemical, Ann Arbor, MI,
USA). Known cell densities ranging from 1 x 10° to 7 x
10° PBMCs/well in RPMI medium were used to establish a
standard curve [19]. Stimulated cells were plated alongside
standards, and 10 pL of WST-8 reagent was added to each
well. Plates were incubated for 4 hours at 37°C in a CO,
incubator, and absorbance was measured at 450 nm using
a microplate reader. Proliferation rates were determined
based on the standard curve and compared across PPD+
and PPD- groups, as well as between resistant and sensitive
isolates.

2.5. Cytokine Estimation by ELISA

Quantification of IL-4 and IL-17a cytokines was
performed using a commercial ELISA kit (Peprotech ELISA
Development Kit). Supernatant from stimulated PBMCs was
used for the assay. ELISA plates were coated with capture
antibody overnight at 4°C, washed, and blocked before
adding standards and test samples. Biotinylated secondary
antibodies, avidin-HRP conjugate, and substrate solution
were sequentially added with incubation and washing
steps between each addition. Absorbance was measured at
405 nm with wavelength correction at 650 nm. Cytokine
concentrations were calculated using a four-parameter
regression curve.

2.6. Reactive Oxygen Species (ROS) Assay

The production of ROS by PBMCs was measured using
the DCFDA (2’,7'-dichlorofluorescein diacetate) method
[20]. Cells were stained with 1 mM DCFDA in Locke’s
buffer, incubated at 37°C for 10 minutes in the dark, and
washed twice with phosphate-buffered saline (PBS). After

resuspension in lysis buffer and centrifugation at 13,000
rpm, the supernatant was analyzed for fluorescence using
a plate reader with excitation and emission wavelengths of
430 and 530 nm, respectively. ROS activity was expressed
as fluorescence intensity per microgram of protein, with
protein concentrations determined by Bradford’s assay.

2.7. Statistical Analysis

Data were analyzed using GraphPad online software.
Quantitative variables were compared between groups using
the Mann-Whitney U test, with statistical significance set at
p < 0.05. Results were expressed as means or ranges, and
data were presented graphically where applicable.

3. Results

3.1. Analysis of PBMC Proliferation

The effect of M. tuberculosis clinical isolates on PBMC
proliferation was assessed using the WST-8 assay at
various time points (Day 1, 2, 5, and 9 post-infection).
Proliferative responses among PPD- and PPD+ healthy
volunteers are represented in Table 1. Among the isolates,
the streptomycin-isoniazid (SI) resistant isolate induced the
highest proliferation in both PPD- and PPD+ samples. While
proliferation was observed on Day 1, the differences were
not statistically significant. On Day 2, a significant increase in
proliferation was observed for the Sl resistant isolate among
PPD- and PPD+ samples (P = 0.0005) and in comparison,
with the sensitive isolate for both PPD- (P = 0.0005) and
PPD+ (P < 0.0001). By Day 5, the MDR. isolate showed a
significant difference between PPD- and PPD+ samples
(P = 0.0034), although there was no significant change
compared to the sensitive isolate. The SI resistant isolate,
however, displayed a significant difference in comparison to
the sensitive isolate for both PPD- (P = 0.0013) and PPD+
(P < 0.0001). On Day 9, proliferation responses declined
compared to Day 5. Nevertheless, the MDR isolate exhibited a
significant difference between PPD- and PPD+ samples (P =
0.0168), while the SI resistant isolate maintained significant
differences compared to the sensitive isolate for both PPD-
(P =0.0004) and PPD+ (P < 0.0001).

Day 1 Day 2 Day § Day 9
PPD- PPD+ PPD- PPD+ PPD- PPD+ PPD- PPD+
Mean = SD Mean + SD Mean + SD Mean = SD Mean = SD Mean = SD Mean = SD Mean = SD
(Range) (Range) (Range) (Range) (Range) (Range) (Range) (Range)
H37Rv 1.33+0.87 1.52+0.54 1.53+0.37 3.28+0.91 2.93+0.62 494+221 2.14 +0.45 4.31+£2.63
(0.61-2.30) (1.03-2.39) (1.12-1.84) (2.15-4.43) (2.52-3.65) (3.16-8.72) (1.65-2.53) (1.89-8.69)
S 1.70 £ 0.79 2.88+0.94 2.54+0.47 2.92+2.17 3.8+2.21 5.71 £4.01 2.95+1.99 3.52+1.55
en (0.95-2.53) (1.87-4.18) (2.21-3.08) (0.82-5.90) (1.25-5.17) (1.65-11.38) (1.40-5.19) (1.20-5.23)
SI 5.95+£0.29 5.40£2.19 727 £4.20% | 6.64+0.46%# | 12.92+£2.20# | 12.47 + 1.89%# | 7.83 +5.33# 10.2 £ 2.43#
(5.71-6.27) (3.26-8.69) (2.53-10.53) (6.04-7.29) (10.51-14.83) | (10.11-14.70) | (3.86-13.89) (7.85-14.1)
MDR 1.49+0.16 2.76 £1.13 2.90 +1.39 335+2.44 3.65+1.10* 422+ 1.11* 3.12+0.62* 3.80 £ 1.84*
(1.33-1.64) (1.94-4.76) (1.87-4.48) (1.48-7.39) (2.72-4.87) (3.09-5.80) (2.73-3.84) (2.73-7.08)
PHA 1.05+0.71 1.39+1.06 1.11+0.23 1.48 +1.35 2.15+0.61 3.00 +2.44 2.32+1.08 2.16 £ 1.33
(0.51-1.86) (0.65-3.24) (0.86-1.30) (0.12-3.14) (1.45-2.59) (1.30-7.21) (1.53-3.55) (0.85-4.19)
UnS 0.8+0.15 0.96 +0.79 1.75+0.72 1.28 £0.55 1.83 £0.37 2.02+1.53 1.76 £0.18 1.83 +£0.93
(0.70-0.97) (0.31-2.32) (1.07-2.50) (0.72-2.08) (1.45-2.18) (1.05-4.65) (1.60-1.95) (0.92-3.25)

Table 1: Cell Proliferation Among PPD+ and PPD- Healthy Volunteers After Infection with M. tuberculosis

H37Rv: Standard strain; Sen: Sensitive isolate; SI: Streptomycin-isoniazid resistant isolate; MDR: Multidrug resistant isolate;
PHA: Phytohaemagglutinin (Positive control); Uns: Unstimulated PBMCs (negative control). The symbol * represents the
statistically significant difference between PPD- and PPD+; # represents a statistically significant difference of resistant

isolate with sensitive isolate.
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3.2.IL-4 Cytokine Analysis

The levels of IL-4 cytokine in PBMC supernatants at Days
1, 2, 5, and 9 post-infections are shown in Figure 1A and
1B. On Day 1, IL-4 concentrations were comparable across
all isolates. By Day 2, the SI resistant isolate exhibited
significant differences between PPD- and PPD+ samples (P
= 0.0034), as did the MDR isolate (P = 0.0013). Compared
to the sensitive isolate, significant differences were observed
for the SI resistant isolate in PPD- samples (P = 0.0004)

and the MDR isolate in both PPD- (P = 0.0167) and PPD+
(P = 0.0159). On Day 5, significant differences were noted
between the SI resistant and sensitive isolates (P = 0.0403)
and between the MDR and sensitive isolates (P = 0.0403)
in PPD+ samples. On Day 9, the MDR isolate demonstrated
significant differences between PPD- and PPD+ samples (P
=0.0034) and compared to the sensitive isolate in both PPD-
(P =0.0004) and PPD+ (P = 0.0297).

(A) (B)
15+ 15+
[ | [ Duy1
1 I . 3 Day
. = Day2 - 104
% 10 o 3 =1 Day2
E e E
= i p - N i 2 =3 Days
- I P ¢ | BB Dy 9 -
' |T £ Em Day 9
2 . ) = 5
o I [} i [N NEAm
“ s = &
. g & > & &

Figure 1: IL-4 Cytokine Concentration Among PPD- (a) and PPD+ (b) Healthy Volunteers After Infection with M.
tuberculosis

The y-axis represents IL-4 concentration (Mean * SD) values. The x-axis represents different M. tuberculosis isolates used
for infection. The symbol * represents the statistically significant difference between PPD- and PPD+; # represents a
statistically significant difference of resistant isolate with sensitive isolate. H37Rv: Standard strain; Sen: Sensitive isolate;
SI: Streptomycin-isoniazid resistant isolate; MDR: Multidrug resistant isolate; PHA: Phytohaemagglutinin (Positive control);

Uns: Unstimulated PBMCs (negative control).

3.3.1L-17a Cytokine Analysis

IL-17a levels measured in PBMC supernatants at Days 1, 2,
5, and 9 are presented in Figures 2A and 2B. On Day 1, IL-
17a concentrations showed no significant differences across
isolates. By Day 2, significant differences were observed
between PPD- and PPD+ samples for the sensitive isolate (P
= 0.0034) and for the MDR isolate compared to the sensitive
isolate in PPD+ samples (P < 0.0001). On Day 5, significant
differences in IL-17alevels were seen for the sensitive isolate

(P = 0.032), the SI resistant isolate (P = 0.0168), and the
MDR isolate (P = 0.0074) between PPD- and PPD+ samples.
However, no significant differences were noted between
resistant isolates and the sensitive isolate in both PPD-
and PPD+ groups. On Day 9, the sensitive isolate showed
significant differences between PPD- and PPD+ samples (P
= 0.017), while resistant isolates displayed no significant
changes compared to the sensitive isolate.
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Figure 2: IL-17a Cytokine Concentration Among PPD- (A) and PPD+ (B) Healthy Volunteers After Infection with M.
tuberculosis

The y-axis represents IL-17a concentration (Mean * SD) values. The x-axis represents different M. tuberculosis isolates
used for infection. The symbol * represents the statistically significant difference between PPD- and PPD+; # represents a
statistically significant difference of resistant isolate with sensitive isolate. H37Rv: Standard strain; Sen: Sensitive isolate;
SI: Streptomycin-isoniazid resistant isolate; MDR: Multidrug resistant isolate; PHA: Phytohaemagglutinin (Positive control);

Uns: Unstimulated PBMCs (negative control).
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3.4. ROS Production Analysis

Reactive oxygen species (ROS) production in PBMCs after
infection with M. tuberculosis isolates was assessed using
the DCFDA method. The response to infection varied among
clinical isolates, as shown in Figures 3A and 3B. No significant
differences were observed between PPD- and PPD+ samples
across all isolates until the last day of incubation. On Day
1, ROS production was significantly elevated for the SI
resistant isolate compared to the sensitive isolate in PPD+

samples (P = 0.0054). On Day 2, the MDR isolate showed
significant differences compared to the sensitive isolate in
PPD+ samples (P < 0.0001). By Day 5, the SI resistant isolate
displayed significant differences compared to the sensitive
isolate in both PPD- (P = 0.0059) and PPD+ (P = 0.0054),
and the MDR isolate showed significant differences in PPD+
samples (P = 0.0417). On Day 9, no significant differences
were observed among clinical isolates.

A
@ 604
=407 = Day 1
E“_:’ O Day2
E.T: 2 B Day 5
<< 904
244 B Day9
LTI T

=

(B) 50-
40 i S
15)3(] ; E Day1
= [ Day 2
“:J—' 20 Bl Day 3
= )
i & Day9
104 ﬂ H
o ﬂ ﬂ ﬂ ﬂ ﬁ ﬂ alln.
= > S & ks =)
Q:;\Q.' CQQ CD %\Q Q‘Q‘ \SQ

Figure 3: ROS Production Among PPD- (A) and PPD+ (B) Healthy Volunteers After linfection with M. tuberculosis

The graph represents Mean + SD values. Y-axis represents average fluorescent unit (AFU)/ ug of protein/ ml. The x-axis
represents different M. tuberculosisisolates used for infection. H37Rv: Standard strain; Sen: Sensitive isolate; SI: Streptomycin-
isoniazid resistantisolate; MDR: Multidrug resistant isolate; PHA: Phytohaemagglutinin (Positive control); Uns: Unstimulated
PBMCs (negative control). The symbol # represents a statistically significant difference of resistant isolate with sensitive

isolate.

4. Discussion

4.1. Assessment of Inmune Response

The study evaluated cellular immune responses using
PBMCs from PPD- and PPD+ healthy volunteers exposed
to live M. tuberculosis clinical isolates, including MDR, SI-
resistant, sensitive isolates, and the standard H37Rv strain.
Live organisms were used as they closely mimic in vivo host
infection, where immune cells encounter intact bacteria.
This approach provides insights into immune modulation in
response to differentisolates, particularly given the observed
changes in cell wall morphology. Understanding immune
responses to resistant isolates offers critical information
on protective and pathological mechanisms in TB, aiding in
developing effective therapies and vaccines.

4.2. PBMC Proliferation

Cell proliferation, an indicator of cell-mediated immunity,
was higher in PPD+ than PPD- individuals after exposure to
live M. tuberculosis, likely due to sensitized memory T cells
in PPD+ subjects [21]. Interestingly, the Sl-resistant isolate
induced a stronger proliferative response in PPD- individuals
compared to PPD+, potentially due to cross-reactive epitopes
or impaired immune recognition in PPD+ subjects. These
findings align with prior studies demonstrating similar
proliferative responses between MDR and sensitive isolates
in PPD+ subjects [22]. The observed decline in proliferation
by day 9 likely reflects cytolytic activity or immune

exhaustion [18]. The unique response to Sl-resistant isolates
warrants further investigation to identify specific epitopes
contributing to this phenomenon.

4.3.IL-4 Secretion

IL-4, a cytokine implicated in TB progression and immune
modulation, showed low overall levels in this study,
consistent with reports attributing this to the cytokine's
short half-life or low mRNA copy number [23]. In PPD+
individuals, IL-4 levels increased by day 2 but declined by
day 9, suggesting a protective shift away from Th2 responses
towards a Thl-dominant immune profile. Conversely,
resistant isolates, particularly MDR strains, induced higher
IL-4 levels than sensitive isolates. Elevated IL-4 production
may contribute to immune deviation, impairing protective
Thl responses and promoting T cell apoptosis, which is
linked to increased disease severity [24, 25]. These findings
reinforce the pathogenic role of MDR strains through
immune dysregulation.

4.4.1L-17a Secretion

IL-17a, a cytokine critical for granuloma formation and
neutrophil-mediated inflammation, increased significantly
in all samples by day 5, followed by a decline on day 9. PPD+
individuals exhibited stronger IL-17a responses, reflecting
their sensitized immune state and effective memory T cell
activation [26]. MDR isolates elicited significantly higher
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IL-17a levels compared to sensitive isolates, suggesting a
heightened inflammatory response potentially associated
with tissue damage [27]. While IL-17a contributes to
protective immunity, excessive production may exacerbate
immunopathology. Balancing Thl and Th17 responses is
critical to controlling bacterial growth while minimizing
host tissue damage [22].

4.5. ROS Production

ROS production, a component of the innate immune
response, showed no significant differences between PPD-
and PPD+ individuals, underscoring its nonspecific nature.
However, resistant isolates, particularly MDR strains,
induced significantly higher ROS levels compared to sensitive
isolates. This may be attributed to impaired ROS-neutralizing
mechanisms, such as mutations in genes encoding ROS-
scavenging enzymes (e.g., katG, ahpC) [28, 29]. Prior studies
have linked such mutations to oxidative stress susceptibility,
supporting the hypothesis that resistance mechanisms
compromise the pathogen's ability to counteract host
oxidative defenses [30]. Targeting these vulnerabilities may
provide novel therapeutic strategies for resistant TB strains.

4.6. Clinical Implications

This study highlights distinct immune responses elicited
by resistant and sensitive M. tuberculosis isolates. Resistant
isolates, particularly MDR strains, are associated with
heightened IL-4 and IL-17a production and impaired ROS
detoxification, contributing to immune dysregulation
and severe pathogenesis. These findings underscore the
importance of understanding host-pathogen interactions to
inform vaccine design and immunotherapeutic approaches.
Future studies should explore in vivo models to validate
these immune dynamics and assess potential interventions
targeting immune deviations caused by resistant strains.

4.7. Limitations and Future Directions

The study's limitations include the use of in vitro PBMC
cultures, which may not fully replicate in vivo immune
responses. Additionally, the short-term nature of the study
precludes analysis of long-term immune dynamics. Future
research should incorporate animal models or human
infection studies to validate these findings and explore
multi-cytokine profiling to provide a more comprehensive
view of immune modulation.

5. Conclusion

The pathogenesis of tuberculosis (TB) involves complex
interactions between the host immune system, the pathogen,
and environmental factors. This study uniquely evaluates
cell proliferation, cytokine induction, and reactive oxygen
species (ROS) production in host cells stimulated with live M.
tuberculosis isolates, including drug-resistant strains. Using
clinical isolates provides realistic insights into immune
responses, highlighting significant variations between
sensitive and resistant strains. While the study underscores
genotype-environment interactions in drug resistance,
it remains unclear if these changes are drug-induced.
These findings emphasize the need for further research to

understand the immune modulation in drugresistant TB and

its clinical implications.
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