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Abstract: Extensive research on tuberculosis (TB) and HIV co-infection reveals the diverse preva-
lence and co-epidemic patterns across populations, necessitating tailored public health strategies.
Co-infection is bidirectional; individuals with HIV are more susceptible to TB, and vice versa. An-
tiretroviral therapy (ART) and antituberculosis treatment (ATT) are critical for managing these
conditions, but pose risks due to drug–pathogen and drug–drug interactions, potentially leading
to immune reconstitution inflammatory syndrome (IRIS) in patients with HIV/AIDS. IRIS, often
triggered by highly active antiretroviral therapy (HAART), can exacerbate HIV progression, increase
drug resistance, and deteriorate patients’ quality of life. Approximately one-third of the global
population with HIV is also infected with TB, with extensive drug-resistant (XDR) and multidrug-
resistant (MDR) strains posing significant challenges. Latent TB infection (LTBI) further complicates
the scenario, as it can progress to active TB, particularly in individuals with both conditions. The
global and Indian mortality rates for TB-HIV co-infection remain high, emphasizing the need for new
strategies. Additionally, unreported cases and inadequate post-treatment monitoring contribute to
the high mortality rate, particularly among patients with LTBI. The complexity of managing HIV-TB
co-infection, especially with LTBI, underscores the urgency of addressing these challenges to improve
the outcomes for the affected populations.
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1. Introduction

HIV and tuberculosis (TB) represent two significant public health challenges globally,
and their coexistence, particularly in regions like India, poses unique clinical and epidemio-
logical complexities. The existence of both these organisms is known to exacerbate disease
progression and the treatment outcomes, further complicated by the emergence of drug
resistance in both the pathogens. Over the years, the prevalence of HIV infection has
surpassed that of tuberculosis (TB), which is an infectious illness with a significant global
death rate. As a multisystemic illness, tuberculosis (TB) primarily affects the respiratory,
gastrointestinal (GI), lymphoreticular, skin, central nervous, musculoskeletal, reproductive,
and hepatic systems [1]. Human remains from thousands of years ago have been found to
contain evidence of tuberculosis, indicating that Mycobacterium tuberculosis has mastered
the art of survival and has endured in human cultures from antiquity to the present day,
despite being a human disease with no known environmental reservoir. HIV infection ac-
celerates the normal progression of TB, with the faster distribution of all the different types
of existing tuberculosis strains among the public. Additionally, it increases the chance of
the recurrence of dormant tuberculosis (TB) and progresses to a novel strain or reinfection.
Human immunodeficiency virus (HIV) usually infects the CD4-positive cells of the immune
system of human beings and weakens the person, leading to additional infections and the
development of various diseases. HIV can be transmitted through sexual intercourse with a
person who is HIV positive, sharing injecting equipment, or unprotected sex, leading to the
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development of acquired immunodeficiency syndrome (AIDS) without any treatment [2].
To date, there are no curative treatments available, and the drugs used alleviate the viral
load or reduce the other complications linked with HIV infection. The co-infection of
HIV and TB has become a foremost community fear due to the weakening of the immune
system due to HIV infection. Around 2 million individuals pass away after acquiring
tuberculosis infection each year, and a projected 2 billion individuals are suspected to be
infected with tuberculosis [3]. The risk factors associated with TB infection include age,
gender, geographical location, the use of alcohol, smoking habits, and underlying diseases
like diabetes or pulmonary diseases, as well as body mass index. A gender bias has been
reported in multiple studies conducted globally, as men are more likely to be infected by
TB [4]. The higher rate of infection in rural areas due to slums, overcrowding, migration,
and a lack of awareness stands out as a major concern affecting the large population in
India; hence, advocating for communication and public awareness is the need of the hour to
control and strengthen TB eradication programs. One area of attention as we work toward
the elimination of tuberculosis is preventive therapy for tuberculosis, which treats latent
tuberculosis infection, the reservoir from which future tuberculosis cases are derived. Chil-
dren are especially susceptible to two catastrophic illnesses, TB meningitis and widespread
TB, which emphasizes the need for treating latent TB infection in the 0–18 age range [5].

In 2001, the World Health Organization (WHO) launched an initiative in Geneva
aimed at combating tuberculosis (TB) through the introduction of a Global TB Drug Facility
(GDF) to improve access to high-quality TB medications. Despite these efforts, the current
estimate that one-third of the world’s population is affected by latent TB infection (LTBI)
is over two decades old. To achieve the goal of eradicating tuberculosis by 2050, there
is an urgent need to invest in new tools for enhancing the detection and treatment of
individuals with LTBI who are at risk of developing HIV. Improved diagnostic procedures,
shorter preventive therapies, and more effective treatments are essential for managing
this syndemic, particularly in the context of drug-resistant tuberculosis. Due to the rising
mortality rate, all healthcare institutions must implement rapid point-of-care testing for
TB diagnosis and the early detection of both HIV infection and tuberculosis. For patients
who have both HIV and TB, post-treatment monitoring and follow-ups are critical, with
post-treatment mortality serving as the key marker of effective TB control initiatives. Each
year, over a million people die from tuberculosis, and approximately ten million individuals
worldwide contract the disease [6]. In 2022, an estimated 2.77 million people were infected,
with India bearing nearly 25% of the global TB burden [7].

Regardless of whether the survey participants with TB had subclinical or symptomatic
TB, 27% of their home contacts were infected with TB [8]. Living and working conditions
that are crowded, inadequately ventilated, and frequently linked to poverty are the primary
risk factors for the spread of TB. One significant risk factor for the onset of active illness
is undernutrition. Additionally, the dearth of empowerment to act on health information
and inadequate general health awareness are linked to poverty. This puts people at risk
of being exposed to several TB risk factors, including alcohol misuse, smoking, and HIV.
Hence, these social determinants must be tackled to curb the infection rate globally.

2. Methodology

To ensure an encompassing review of the literature for our research, we systematically
searched multiple comprehensive academic databases and websites, including PubMed
(U.S. National Library of Medicine and the National Institutes of Health), Google Scholar,
ScienceDirect, and the World Health Organization (WHO) websites and literary reports.
The major key words used for the searching strategy were HIV-TB co-infection, diagnosis,
point-of-care tests, and biomarkers. Several descriptive methods and Boolean logic (AND,
NOT) customized for each database were used in this investigation. The following are the
search terms that were used to obtain the available literature, PubMed: (“HIV-TB coinfec-
tion”) AND (“diagnosis”) OR (“point-of-care tests”) OR (“biomarkers”); Web of Science:
(((ALL = **resistance**) OR ALL = **point-of-care tests**) OR ALL = **rapid diagnosis**)
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AND ALL = **HIV-TB resistance profile**; and Scopus: (**Pathways in coinfection**). We
found many published records in each search. We selected review articles, research papers,
and reports based on their relevance to HIV-TB co-infection. The articles were summarized
and analyzed to provide a thorough overview of the current status of TB-HIV co-infection
and the role of immune reconstitution inflammatory syndrome (IRIS) in this context. We
assessed the validity and reliability of the articles based on their sample sizes. Additionally,
we aimed to include influencing and confounding factors and their roles in the management
and severity of HIV-TB co-infection. Only published research papers that were available
in English language, provided the details on the diagnosis of HIV-TB co-infection and
associated resistance, and research aspects covering the identification of biomarkers, as
well as therapeutic strategies useful in the treatment of co-infection, were considered for
exploring the crosstalk between HIV and TB co-infection.

Clinically, TB can be broadly classified as latent TB or active TB, depending on the
symptoms and their transmissibility. Measures must be taken to prevent the latency of
TB infection, including monitoring the molecular bacterial load, ensuring early diagnosis,
promoting adherence to prescribed drugs, and encouraging lifestyle changes. Various
diagnostics tests have been developed to detect Mycobacterium tuberculosis infection and
are widely used in various regions of India. These tests are illustrated in Figure 1. The
most common types of drugs prescribed during the early stages are isoniazid, rifampin,
pyrazinamide, and streptomycin, which show bacteriostatic activity [9]. In order for these
drugs to be effective, the individuals with this illness must adhere to them for 6–8 months,
failing which the bacteria may develop resistance, making them unresponsive to these
standard drugs. People with HIV are prescribed updated therapy immediately after the
diagnosis of HIV. Highly active antiretroviral therapies (HAARTs) are a combination of
different classes of antiretroviral medicines that help in decreasing the viral load, preventing
mutations, maintaining the CD4 cell count, and improving people’s the quality of life.
Another complication associated with this therapy is immune reconstitution inflammatory
syndrome (IRIS), which is a hyper-inflammatory response state that often develops in the
early 6 months of adhering to HAART [10]. Severe IRIS can be fatal, or result in lifelong
incapacity, endangering the patient’s capacity to function. However, stopping combination
antiretroviral medication (cART) in a patient with recurrent infections increases the risk
of contracting new opportunistic infections, IRIS recurrence upon restarting therapy, and
potential HIV drug resistance. Hence, in this review, we will try to comprehend this drug
resistance associated with individuals with HIV-TB among the Indian population.

Figure 1. The techniques used for the detection of tuberculosis infection.

3. Epidemiological Landscape in India

India bears the substantial burden of both HIV and TB. According to the World Health
Organization (WHO), India is home to the world’s third-largest population living with
HIV/AIDS. Concurrently, India also has one of the maximum loads of patients with TB glob-
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ally, and the overlap of these two epidemics presents a formidable challenge to healthcare
systems, particularly concerning diagnosis, treatment, and management strategies.

TB is an opportunistic infection that compromises immune systems, leading to more
severe complications in people with infections compared to those who are not immuno-
compromised. HIV attacks and weakens the protective system of the body, rendering it
very difficult to fight against the virus and opening doors for other infections, such as
pneumonia, TB, Salmonella, candidiasis, and toxoplasmosis. Among these infections, the
prevalence of HIV-associated tuberculosis is on the rise globally, as the prevalence of TB-
HIV co-infection varies from 3.8 to 72.3%, while the prevalence of HIV-associated TB ranges
from 2.9% to 64.5% [11]. Other studies suggest that HIV-associated TB impacts African
nations more excessively as compared to other countries [12]. The WHO also suggested
that individuals with HIV are 15–20 times more likely to be infected by TB than are those
without HIV, while Africa, in 2018, faced the brunt of HIV-TB co-infection, which accounted
for 84% of deaths and was the major cause of death among patients with HIV. These data
suggest that infection with this virus additionally raises the risk of the development of
dormant TB infection to an active form of TB, which can be seen as a four-fold increase.
Hence, managing LTBI and TB infections is more essential among individuals with HIV
than for those without HIV. The WHO report published under the Global HIV programme
in 2020 stated that people living with HIV and receiving ART regimens are still three times
more likely to die during TB treatment, which needs to be addressed in the future. The
overall prevalence of HIV-TB co-infection in the adult population of Southeast Asia is 0.3%,
which is lower than that in Sub-Saharan Africa (4.1%). Among the Southeast Asian coun-
tries, the major contributing nations are India, Indonesia, Thailand, and Myanmar, which
have contributed approximately 160,000 new HIV infections and 110,000 deaths among
individuals with HIV and HIV-TB co-infection. Approximately 25% of all HIV/AIDS
fatalities worldwide occur each year as a result of the mortality risk associated with HIV-TB
co-infection [13]. According to a report from the WHO published in 2021, India accounts
for approximately 20% of the total TB infections, which epidemiologically looks small,
but contributes to approximately 5 million people living with TB and has severe conse-
quences for gaining momentum in curbing TB among the Indian population. The HIV
status varies among the Indian subcontinent, but according to a published study, there is
an increased number of HIV-positive cases in five states, namely, Manipur, Maharashtra,
Karnataka, Karnataka, and Tamil Nadu [14]. According to the NACO, India ranks third
globally, with a high prevalence of HIV. However, the frequency amongst adults with ages
ranging from 15 to 49 years declined from 0.38 to 0.22 in 2019 [15]. The pathogenesis of HIV
starts with the virus attacking CD4 cells, and thereby affecting both innate and adaptive
immunity, whereas TB affects cell-mediated immunity driven by helper T cells (Th1), which
produce interferon-γ (IFN-γ) and interleukin-2 (IL-2), both of which provide immunity
against TB. Hence, in the case of co-infection when CD4 cells become infected, Th1 cells are
depleted, alleviating cell-mediated immunity. This reduced immune response increases
the susceptibility of individuals to other infections and paves the way for the increased
reactivation of LTBI [16]. In addition, a decrease in the CD4-Th1 population also leads to
the activation of TNF-α, which increases HIV replication in the presence of TB infection.
Hence, under such co-infection conditions, individuals must be monitored for CD4+ T
cells, and they should adhere to the ART and ATT prescribed to the patients based on their
stage and type of TB (Figure 2). The prolonged use of these treatments will lead to multi-
and extended drug-resistant TB, which should be treated at DR-TB centers across India,
with approximately 553 ART centers and 1261 linked ART centers and complimentary
ART program in India. ART centers were established in 2004 in India, and have expanded
significantly over the years. Currently, 1.38 million patients are receiving ART, with 2800
receiving third-line ART and 60,000 receiving second-line ART. Substantial improvements
have been made in the last 20 years by India’s National AIDS Control Programme (NACP).
Based on the available data on HIV trends and estimations, India has experienced general
declines in HIV incidence, new infections, and fatalities due to AIDS. While there has been
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a 30% decrease in AIDS-related mortality and a 33% decrease in new infections worldwide,
India has demonstrated more than 50% of these reductions and more than 35% of these
declines, making it one of the world’s most effective models [17]. Research on the crosstalk
between HIV-TB co-infection and the associated resistance in these pathogens in the Indian
context is a critical area due to the high burden of both the diseases in the region. This
co-infection complicates the treatment and management of both the diseases, leading to
higher mortality rates. The Indian government and international health organizations
have prioritized the diagnosis and treatment of HIV-TB co-infection, making it a key focus
of public health interventions [18]. Considering the research aspect, various studies are
exploring the molecular pathways involved in the crosstalk between HIV and TB, includ-
ing the role of cytokines, immune activation, and chronic inflammation. The emergence
of MDR-TB is a significant challenge, especially among individuals with HIV. Research
is ongoing to understand the mechanisms driving drug resistance and to develop new
treatment strategies.
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Furthermore, there is an ongoing investigation into how ART interacts with TB drugs,
particularly in the context of drug resistance, toxicity, and treatment efficacy. Recent studies
have aimed to identify the biomarkers that could predict susceptibility to TB in patients with
HIV, or indicate the development of drug resistance. Novel research focuses on how HIV
and TB bacteria interact within host cells, which could reveal new targets for therapeutic
intervention [19]. Recently, investigations into the genetic factors that may contribute to
susceptibility to co-infection and resistance, particularly within the Indian population, are
emerging as a significant research frontier. One novel area to study the crosstalk between
co-infecting pathogens is the development of personalized treatment strategies based on
individual patients’ genetics and specific pathogen characteristics [20]. Some of the critical
actions to lower morbidity and mortality among individuals with both infections include
early ART and ATT initiation; the timely detection of TB among PLHIV and HIV screening
among patients with TB; the provision of cotrimoxazole (trimethoprim-sulphamethoxazole)
preventive therapy (CPT) and TB preventive therapy; and the management of airborne
infection, as reported in an Indian context [21].
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4. Impact of Co-Infection on Disease Progression

When HIV and TB coexist, each disease influences the natural history and progression
of the other. HIV weakens the immune system, making individuals more susceptible
to TB infection and increasing the likelihood of TB reactivation among those with latent
TB infection. Conversely, TB accelerates HIV progression by causing immune activation
and increasing viral replication. The synergistic effect of these infections often leads to
more severe clinical presentations, higher mortality rates, and poorer treatment outcomes
compared to those of individuals infected with either pathogen alone [22].

During dual interaction, the presence of M. tuberculosis negatively impacts the im-
munological response to HIV, hastening the transition from contracting HIV to AIDS, in
addition to HIV’s effect on the course of TB. Considering biological repositories like the
lungs are shared by M. tuberculosis and HIV, patients with TB may have an environmental
condition that promotes HIV infection. A higher risk of opportunistic infections and the
expedited depletion of CD4+ T cells have been linked to active tuberculosis. It has been
demonstrated that the ongoing immunological response against infection with tubercular
bacilli increases the spread of HIV-1 in the bloodstream, at the pulmonary infection sites,
and in some activated cells like lymphoid cells and CD14+ macrophages in the pleural space
during tuberculous pericarditis. Long terminal repeats (LTRs) of HIV are transcriptionally
activated when M. tuberculosis stimulates the production of proinflammatory cytokines
and chemokines, such as TNF, which, in turn, activates the pathways for signaling in CD4+
T cells and monocytic cells [23].

5. Challenges in Diagnosis and Treatment of Co-Infection

The diagnosis of HIV-TB co-infection in India is hindered by several factors, includ-
ing the reliance on symptom-based screening, limited access to diagnostic tools (such as
GeneXpert for TB and viral load testing for HIV), and the stigma associated with both the
diseases. Delayed diagnosis contributes to higher rates of advanced disease presentation
and increased transmission within communities. The treatment of HIV-TB co-infection is
complicated by drug interactions, overlapping toxicities, and the emergence of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) strains of TB. India faces challenges
in the management of drug-resistant TB due to inadequate infrastructure for drug suscepti-
bility testing, the limited availability of second-line TB drugs, and difficulties in ensuring
treatment adherence among patients with complex medical needs [24]. Managing the
interactions between anti-TB and anti-HIV drugs is complex, but essential for the effec-
tive treatment of patients with both infections. The vigilant selection of drug regimens,
dose adjustments, and close monitoring can help mitigate risks. Ongoing research and
integrated healthcare strategies have been shown to improve the outcomes for individuals
with HIV-TB co-infection [25].

ART does not completely eliminate the infection because the virus hides in a reservoir
of cells, remaining dormant inside them. This makes the disease much harder to eradicate
compared to other common infections. Even after prolonged ART treatments given to
individuals with HIV for 15–25 years, they will show some pools of infected cells, tissues, or
organs, which may reactivate the viral particles and worsen the condition. Hence, the role
of antiretroviral therapy (ART) is to suppress the viral load, improve the health condition by
reducing severe complications, and prevent the transmission of the disease. The different
classes of ARV drugs are classified according to the stage of replication where they interfere,
and to date there are seven classes [26]. In 1985, the first drug used for treating individuals
with HIV was Zidovudine, which proved to be effective against HIV, but soon became
ineffective due to the resistance developed. Later, decade-long research revealed that a
combination of ARV drugs (ddC and AZT) could prevent transmission and reduce the viral
load [27]. In 1996, a group of researchers found that the combination of three antiretroviral
medicines called “triple-drug therapy” can help reduce transmission, but is also durable in
developing resistance against ART. Triple-drug therapy is possible due to the discovery of
the protease inhibitor Saquinavir, and this drug, along with ddC and AZT, was approved
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by the NIAID. This therapy was then later on replaced by NRTIs and NNRTIs, and current
therapy uses a combination of these drugs as the most effective ART. The main reasons
are not only that HIV is developing resistance, but also there are side effects associated
with protease inhibitors when used in high concentrations. Presently, the use of protease
inhibitors is pertinent in some ART regimens. But still, drug discovery is evolving in the
search for more effective, but less toxic ARV drugs. Drug interaction, along with adverse
drug reactions among individuals with HIV, still poses a challenge in managing the disease
and infection [28].

The emergence of drug resistance in both HIV and TB further complicates the manage-
ment of co-infection in India. Drug-resistant TB strains, including MDR-TB and XDR-TB,
have been increasingly reported, posing significant challenges to achieving successful
treatment outcomes. Similarly, HIV drug resistance mutations reduce the efficacy of an-
tiretroviral therapy (ART), necessitating regimen modifications, and potentially limiting
the treatment options [29]. Molecular epidemiology studies have provided insights into
India’s genetic diversity and the transmission dynamics of drug-resistant strains. Genomic
surveillance has become crucial for tracking transmission networks, identifying resistance
mutations, and guiding public health interventions aimed at controlling the spread of
resistant strains [30].

Recently, apart from drug combinations, protein-9 nuclease (Cas9) associated with
clustered regularly interspaced short palindromic repeats (CRISPRs), or CRISPR/Cas9, has
emerged as a potent tool for modifying the genome in the last ten years due to its high
precision and efficient suppression. Cas9 endonuclease mediated by guide RNAs (gRNAs)
functions as genetic scissors that may alter specific target locations. With this idea, the
integrated pro-viral HIV-1 genome has been targeted by CRISPR/Cas9 in both in vitro and
in vivo investigations including non-human primates [31].

6. Impact of TB Supplements on Disease Improvement

Tuberculosis is still a worldwide problem even after concentrated efforts over the last
20 years have been made to create novel diagnostic tools, medications, and vaccines with
growing pipelines. Several cutting-edge diagnostic methods, including imaging, the breath
analysis of volatile organic chemicals, and nucleic acid-based amplification assays, hold
promise for improving point-of-care fast diagnostics for TB. Urgent HIV testing for patients
newly diagnosed with tuberculosis (TB) is a proactive step that healthcare providers can
take to address the increased risk of co-infection and improve health outcomes. Following
TB diagnosis, immediate HIV testing is crucial, as TB and HIV often coexist, exacerbat-
ing the severity of each condition. The effective prevention strategies include initiating
antiretroviral therapy (ART) for those who test positive for HIV, which not only reduces
the viral load, but also lowers the risk of TB progression.

Healthcare providers play a crucial role in ensuring adherence to both TB treatment
and HIV prevention protocols. This empowerment can significantly enhance patients’
outcomes and reduce the burden of co-infection. Additionally, preventive measures, such
as providing HIV pre-exposure prophylaxis (PrEP) to individuals at high risk, along with
integrating TB and HIV care for a comprehensive approach, are essential. The creation of
many novel treatment regimens and their assessment in clinical trials have been the main
focus of developments in newly developed and adapted medications for the treatment of
highly drug-resistant (XDR) or multidrug-resistant (MDR) TB [32]. These developments
are now influencing the World Health Organization guidelines. The disease progresses in
two forms like latent TB and active TB. Those who develop symptoms are recommended
to obtain a molecular diagnostic test, which will help in detecting TB and identifying any
associated drug resistance. After a diagnostic test, for better accuracy, assays for measuring
interferon release (IGRA) and tuberculin skin testing (TST) are recommended [33]. The
most commonly prescribed drugs are antibiotics like isoniazid, rifampin, pyrazinamide,
ethambutol, and streptomycin, which are prescribed daily for about four to six months.
Adherence to this medication is a must as stopping them abruptly can lead to multifactorial
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manifestations, along with MDR, which need to be addressed further. TB resistance to
these standard drugs is characterized as drug-resistant TB, starting with the patients not
responding to first-line-of-defense antibiotics like isoniazid and rifampin. These drugs help
in a bacteriostatic mode of action, which help in reducing viral transmission by acting on
DNA-dependent RNA polymerase, and further inhibiting transcription and translational
activities. When the patients stop responding to these standard drugs, then the patients are
recommended second-line-of-defense drugs. However, if resistance develops to these as
well, it can result in a crisis. The sign that the medications are working is the alleviation
of symptoms. For drug-sensitive (DS) Mycobacterium tuberculosis (M. tb) strains, the front-
line treatment plan currently in use is a 6-month program consisting of four different
medications to which strict adherence is necessary to prevent resistance and recurrence [34].

7. Drug Resistance and Clinical Practices

The key to TB control is the early detection and prompt treatment of newly diagnosed
cases, most of whom respond well to first-line anti-TB medications, and they also alleviate
the infection in helping to reduce the risk of transmissibility across the community [35].
Hence, an adequate response to therapy, the prevention of drug resistance, and a reduction
in drug toxicity all depend on the optimal medication dose. Non-adherence to tuberculosis
therapy may adversely affect the clinical and public health outcomes. There are three major
types of drug resistance: multidrug resistance TB (MDR TB), extensively drug-resistant TB
and pre-extensively drug-resistant tuberculosis (pre-XDR TB). Multidrug-resistant TB is
caused by TB bacteria, which are resistant to the most common drugs used to treat patients
with TB, such as isoniazid and rifampin. Pre-XDR TB, also known as extensively drug-
resistant tuberculosis, is a subtype of multidrug-resistant tuberculosis (MDR) generated by
tuberculosis bacteria resistant to amikacin, capreomycin, and kanamycin, or to isoniazid,
rifampin, and fluoroquinolone. A rare form of multidrug-resistant tuberculosis (MDR)
known as extensively drug-resistant tuberculosis (XDR TB) is brought on by either TB
bacteria resistant to Bedaquiline, linezolid, rifampin, fluoroquinolone, and second-line
injectables (amikacin, capreomycin, and kanamycin), or TB bacteria resistant to all of the
above [36]. Patients are left with far fewer effective treatment choices since XDR TB is
resistant to the strongest TB medications. Individuals with HIV, as well as those with other
illnesses that compromise immune function, should be especially concerned about XDR
TB. These individuals have a higher chance of contracting TB after becoming infected,
as well as a higher chance of succumbing to TB. Although the number of cases of XDR-
TB is substantially low, the cost of treatment is extremely high. This interrupts lives, is
exceedingly costly, takes a long time to finish, and may have possibly fatal adverse effects.
Serious adverse effects, including depression or psychosis, hearing loss, hepatitis, and
renal damage, are experienced by a significant percentage of patients receiving treatment
for these drug-resistant types of tuberculosis [37]. Universal drug-susceptibility testing
is essential for identifying and treating MDR- and XDR-TB (DST) [38]. Rapid molecular
methods based on sequencing and nucleic amplification tests (NAATs) have emerged in
recent years, marking a significant advancement in the diagnosis of tuberculosis.

Chest radiography is still the gold standard for diagnosing parenchymal illness in
primary pulmonary tuberculosis (TB), while computed tomography (CT) is more ac-
curate in identifying lymphadenopathy. CT is the preferred technique for detecting
early bronchogenic spread in post-primary pulmonary tuberculosis. CT is more sensi-
tive than radiography when it comes to characterizing the infection as active or not, and
F-fluorodeoxyglucose positron emission tomography/CT, or F-FDG PET/CT, has produced
encouraging results that require more validation. Even now, extrapulmonary tuberculosis
diagnosis might be challenging. The diagnostic accuracy, specificity, and agreement among
observers regarding the radiological diagnosis of tuberculosis using chest X-rays remains
unclear. The effectiveness of each method depends on various factors, including the stages
of the disease, exposure, and severity. The WHO has approved four high-throughput tech-
niques aiding in the diagnosis of MDR-TB: the BD Max MDR-TB assay (Becton Dickinson,
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Franklin Lakes, NJ 07417-1815, USA); the real-time MTB (Abbott, Chicago, IL, USA); the
Roche Cobas MTB assay (Roche, Basel, Switzerland); and the Fluoro-Type MTBDR assay
(Hain Life Science, Nehren, Germany) [39,40]. There are three types of HIV test available:
antibody tests, antigen/antibody tests, and nucleic acid tests (NATs). When you are ex-
posed to viruses such as HIV, your immune system generates antibodies. Antigens, which
are foreign molecules, stimulate your immune system’s activation even before the antibod-
ies are produced. If you have HIV, the p24 antigen is generated. Usually, oral fluids like
saliva and blood can be used for diagnosing HIV infection using a rapid oral HIV test and a
rapid antigen/antibody test, respectively. Urine can also be used for these procedures. HIV
drug resistance has emerged along with the growing usage of HIV medications; in recent
years, the prevalence of this resistance has been rising. HIV treatment resistance results
from modifications to the virus’s genetic makeup that impair the medications’ capacity to
stop the virus from replicating. Because drug-resistant virus strains are emerging, all the
antiretroviral medications now on the market, even the most recent classes, include the
risk of being partially or completely inactive. HIV medication resistance poses a threat to
antiretroviral medication effectiveness if left unchecked, which would raise the incidence
of HIV infections, as well as morbidity and death associated with HIV.

8. Behavioral and Adherence Issues

Despite medical advancements, control over several chronic diseases has not improved,
mostly due to non-adherence to treatment. Adherence to medical treatments is vital
for improving the general health of the community. Many developing and developed
nations are implementing policies that will help in patient management and will help in
curbing behavioral science by using digital solutions. The nexus of behavioral science
and technology is driving improved adherence, which opens up new avenues for patient
empowerment and healthcare professional education. The degree to which a person follows
health or medical advice is known as adherence (or compliance). Recent research shows that
patients who follow their treatment regimens regularly achieve better health results than
those who do not. Thus, adherence to the treatment regimens is one of the most important,
but uncommonly researched factors influencing how well tuberculosis (TB) treatment
works. Since the early Tuberculosis Research Centre and British Medical Research Council
(MRC) study in South India comparing in-patient and domiciliary therapies, its significance
has been recognized [40,41]. It is known that one of the most important ways to contain the
TB pandemic is to provide conventional anti-TB medication for a minimum of six months.
The lengthy course of TB therapy brought up the problem of non-adherence nevertheless.
The clinical and public health outcomes may be adversely affected by non-adherence to
tuberculosis therapy. As a result, the usual approach of directly observed treatment (DOT)
has been implemented to enhance anti-TB drug adherence [42]. Rethinking TB care delivery
includes considering digital technologies to improve the adherence to TB medication. From
the standpoint of public health, enhancing compliance with anti-TB therapy can aid in
preventing drug resistance, relapse, and community-transmitted tuberculosis [43]. A recent
systematic evaluation revealed that the efficacy of DOT varies when compared to that of self-
administered treatment. For instance, self-administered therapy and family-administered
DOT do not significantly increase treatment adherence. However, institutional DOT for
latent tuberculosis infection significantly increased the rate of treatment completion [44].
Individuals living with HIV/AIDS who do not adhere to antiretroviral medication (ART)
are more likely to have drug resistance and poor virologic control. The cost, ignorance,
stigma, or unhappiness with medical care are a few obstacles to ART adherence. A study
conducted among Mumbai’s key population showed a substantial correlation between
poor pill-taking behavior and worsened virus suppression. Having “missed ART in the
past three months” was also a major mediator influencing these practices and behavior.
Those who remained alone had a far lower percentage of those with viral suppression than
those who did not [45].
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9. IRIS-Immune Responses in Recovery from Immunosuppression

Immune-mediated inflammation against a variety of antigens, such as medications,
unknown autoantigens, and pathogenic microbes, during the recovery process from im-
munosuppressive circumstances is referred to as immune reconstitution inflammatory
syndrome (IRIS). ART initiation can also cause a pathological hyper-inflammatory response
to live or dead Mycobacterium tuberculosis (Mtb), a condition known as TB immune reconsti-
tution inflammatory syndrome (TB-IRIS). This is true even though ART and subsequent
immune reconstitution in PLHIV reduce the incidence of opportunistic infections like TB,
as illustrated in Figure 3.
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In populations affected by HIV, IRIS is now widely known. The risk factors that
play a crucial role in the development of TB-IRIS are a high bacterial load, delayed ATT
or ART post-infection, a low CD4 count, etc. [46]. IRIS is characterized by both innate
and adaptive immune responses, which vary based on different antigens and immune
factors. In the context of Mycobacterium tuberculosis-associated IRIS, key immune factors
include interferon (IFN), interleukin (IL)-2, IL-6, TNF-α, and IFN-γ-inducible protein (IP)-
10. These elements play crucial roles in the immune activation and inflammation observed
in this condition [47,48]. Another group demonstrated significantly elevated concentrations
of IL-10 and IL-22 in patients with tuberculosis-associated IRIS compared with those in
patients with tuberculosis without IRIS [49]. Additionally, there was an improvement in
the effector function of T cells; a delay in decreasing the CD4 T cell levels; improvements
in phagocytic function, leukocyte chemotaxis, and NK cell function; and a decrease in
the TNF-α as well as interleukin-8 levels. Nonetheless, IRIS has rarely been identified
in people who are immunocompromised, but do not have HIV [50]. Over the last ten
years, the findings from randomized control trials have been published [34]. They have
demonstrated a similar pattern of concurrent ART with TB treatment, providing a survival
benefit. Furthermore, in patients with advanced HIV disease, that is, a CD4 cell count
<50 cells/mm3, starting ART within the first two weeks of TB treatment is advantageous,
although it is linked to a two-fold increased occurrence of TB IRIS [51]. Paradoxical TB
IRIS and unmasking TB IRIS are two forms of TB IRIS that have been documented in the
literature. If TB lesions worsen following recent initiation, re-initiation, or switching to
more effective ART, this condition is known as paradoxical TB-IRIS. When ATT is given
for a brief period prior to starting antiretroviral therapy (ART), patients with paradoxical
TB IRIS usually have positive or stable clinical outcomes. Between 8 and 42% of the
epidemiologic data for paradoxical TB-IRIS is not fully understood [52]. For individuals
with HIV with undetected active tuberculosis, the second pattern of unmasking TB IRIS
occurs after starting antiretroviral therapy. The ensuing immunological recovery triggers
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more severe tuberculosis symptoms [53]. Because of this, the likelihood of uncovering TB
IRIS is dependent on how well TB is screened and whether subclinical TB is diagnosed
before starting ART [54]. Pneumonitis, lymphadenitis, and a high fever are some of the
clinical manifestations of tuberculosis that typically occur quickly after infection [55]. The
symptoms can mimic sepsis caused by germs. Since there is no definitive consensus
on diagnosis, the consensus case definitions of both these TB IRIS patterns are still up
for debate.

10. Therapeutic Vaccines with ART and ATT

Doctors and pharmacists must take great care to prevent drug interactions (DIs) in
modern medication therapy, where two or more prescriptions are regularly prescribed.
DIs can result in adverse events and insufficient pharmacological effects, leading to the
withdrawal of drugs from the market. Pharmacokinetic research elucidates the role of
drug interactions in developing new drugs, thereby conveying information about potential
drug targets. In 1980, increasing HIV/AIDS cases caused an epidemic that was reported
by the Center for Disease control and prevention, USA, under the title CDC HIV/AIDS
Timeline [56,57]. They focused on targeting the reverse transcriptase, which would help
curb the viral load among individuals who have HIV/AIDS, and they used azidothymidine
(AZT) as the therapeutic drug, which improved the immune status. Later, in 1987, it became
the first drug approved by the FDA to reduce the transmission of HIV. Later on, they went
on to discover the transcriptase inhibitor didanosine (NRTI) and zalcitabine (RTI), which
proved to help reduce the AIDS incidence. These drugs were combined with AZT for
better effectiveness, but soon the patients developed drug resistance [58]. Founded in
the early stages of the HIV/AIDS pandemic, the National Cooperative Drug Discovery
Group Program for the Treatment of AIDS (NCDDG-AIDS), funded by the NIAID, offered
a framework for scientists to work on the discovery and development of new regimens
to improve the symptoms induced among individuals with HIV/AIDS. Scientists funded
by the NIAID created biochemical and cell culture test techniques that made it easier to
screen potential drugs, and the agency was also instrumental in creating animal models for
preclinical research. The FDA approved other NRTI medications in the early 1990s. The
development of AZT and other NRTIs demonstrated that HIV could be treated, paving the
way for the discovery and creation of additional antiretroviral medications [59].

In 1995, the ACTG 175 experiment trial demonstrated that two-drug combinations
were more effective than AZT alone in halting the loss of CD4+ cells and preventing
mortality. ART was also found to lower the death risk in patients with asymptomatic,
intermediate-stage illness, according to the trial. Simultaneously, CPCRA 007 and the
NIAID-sponsored trial evaluated combination therapy for individuals with more advanced
HIV, most of whom had received AZT as their prior treatment. Antiretroviral medicine use
requires careful planning, as demonstrated by the results of ACTG 175 and CPCRA 007,
among other trials, which suggest that prior antiretroviral experiences can significantly
impact treatment success. A significant breakthrough was made in 1996 when researchers
discovered that triple-drug therapy could effectively reduce HIV replication to negligible
levels over time, while erecting a strong genetic barrier to prevent the emergence of drug
resistance. The emergence of a new class of antiretroviral drugs called protease inhibitors
contributed to the feasibility and efficacy of triple-drug therapy, often known as highly
active antiretroviral therapy or HAART. Several patients had a decline in HIV blood levels
to undetectable levels using HAART, which combines medications from at least two distinct
classes. Nevertheless, the early HAART regimens were far from ideal, even though they
may have saved lives. Both the daily dose and the side effects were difficult to deal with.
Some medications required combination doses to be taken with or without food at different
times during the day. Due to their complexity, long-term adherence to the regimens took a
lot of work.

Like HIV, the aim of tuberculosis (TB) drug development and discovery is to provide
TB medications and regimens that are well understood and better than those on the market
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today in terms of their accessibility, the ease of use for all patient populations, efficacy, the
speed of action, safety, and tolerability. According to history, the first clinical antibiotics to
be produced were streptomycin and para-aminosalicylic acid (PAS). Both showed efficacy
against Mycobacterium tuberculosis (Mtb) and were swiftly succeeded by rifampicin, isoni-
azid, pyrazinamide, cycloserine, ethionamide, and ethambutol, among other drugs [60].
Isoniazid (INH), a thiosemicarbazone based on pyridine, was first synthesized in 1912.
However, its antitubercular properties were not found until much later during the process
of synthesizing thioacetazone. One of the most well-researched and clinically successful
tuberculosis medications ever created is isoniazid (INH) (isonicotinic acid hydrazide) [61].
Ironically, though, INH, once associated with TB prevention and chemotherapy, has come
to characterize the contemporary multidrug-resistant (MDR) and extensively drug-resistant
(XDR) epidemic. The catalase-peroxidase KatG-activated prodrug INH, according to the
current working model of the INH mechanism, produces a wide range of INH-derived
radicals and adducts, some of which have the potency to kill Mtb by preventing it from
synthesizing mycolic acids. It is unclear, therefore, what kind, how many, and how much
of the other INH-derived species that KatG produces might interact with INH to enhance
its exceptional whole-cell potency [62]. The development of pyrazinamide (PZA) resulted
from research undertaken by Vital Chorine, who found that subcutaneous nicotinamide
might prolong the survival of guinea pigs infected with MTB [63]. The drug’s active
form, pyrazinoic acid, is produced when the parent molecule enters the bacteria passively
and is broken down by the cytoplasmic enzyme pyrazinamidase (PZase) [64,65]. The M.
tuberculosis fatty acid synthetase I enzyme may be inhibited by PZA and its analogue,
5-chloro-PZA, making it a potential bacteriostatic drug. An acidic pH increases the PZA’s
activity against slowly growing Mtb and replicating ones [66]. Similar to PZA, ethambutol
(2,2′ ethylenediimino-di-1-butanol) was initially identified at American Cynamid’s Lederle
Laboratories and tested on animals right away after its unique stereospecific activity was
revealed. However, early biochemical research revealed that both replicating and nonrepli-
cating mycobacteria quickly absorbed ethambutol (EMB), and that it was only effective
against replicating bacilli. In these cases, it was discovered to hinder RNA production
and glycerol metabolism [67,68]. Research on EMB resistance has also been shown to be
challenging to interpret because high-level resistance, previously thought to be a sign of
the possible main targets, was only seen when several mutations were present. There-
fore, more research is necessary to gain a more accurate understanding of its primary and
secondary impacts.

Initially identified as having antibiotic activity in conditioned media of the soil bac-
terium Nocardia mediterranei, rifampicin is a semisynthetic derivative of the natural sub-
stance ansamycin (named after a famous French movie about jewel heists). Surprisingly,
the single constituent of this extract, known as rifamycin, that can be separated into a pure
crystalline form is a small species (5–10%) with a relatively low activity level. However, it
was coincidentally shown to become active during incubation in an oxygenated aqueous
solution. When >96% of all the resistance mutations were found to be mapped to an
81-nucleotide region in the coding sequence of the RNA polymerase β subunit responsible
for rifampicin binding, a study of rifampicin-resistant mutants subsequently confirmed that
this inhibition accounted for its antitubercular activity [68,69]. Bedaquiline (BDQ; formerly
TMC207 and R207910) is not only the first FDA-approved medicine produced in the current
era of molecular science, but it is also the only clinical therapy approved for the treatment
of TB in patients older than 40 years [70]. BDQ was found via high-throughput phenotypic
screening for active compounds against M. smegmatis, a saprophytic mycobacterium. It
was then demonstrated to exhibit activity against M. bovis BCG and Mtb [71]. The devel-
opment of resistant mutants and subsequent whole-genome resequencing provided the
first clues for the functional target of BDQ. Nevertheless, a recent investigation of resistant
mutants derived from clinical isolates revealed that approximately 38% of mutations have
no connection to the ATP synthase operon [72]. Thus, it is feasible that more targets have
yet to be found even if the now-available data indicate that BDQ targets ATP synthase.
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11. Public Health Strategies and Future Directions

Addressing the complex interplay between HIV-TB co-infection and resistance in
India requires a multifaceted approach. Strengthening healthcare infrastructure, improving
diagnostic capacities, expanding access to integrated HIV and TB services, and enhancing
surveillance systems are paramount. Innovative strategies, such as introducing new diag-
nostic tools (e.g., point-of-care testing), optimizing treatment regimens, and implementing
infection control measures, are critical for improving the clinical outcomes and reducing
the transmission rates.

Furthermore, addressing the social determinants of health, such as poverty, malnutri-
tion, and access to healthcare, is essential for mitigating the impact of HIV-TB co-infection
in vulnerable populations. Collaborative efforts between healthcare providers, researchers,
policymakers, and community stakeholders are indispensable for developing evidence-
based interventions and achieving sustainable improvements in public health outcomes.

12. Conclusions

The intersection of HIV-TB co-infection and resistance presents a formidable challenge
to healthcare systems in India. This review highlights the epidemiological complexities,
diagnostic challenges, treatment obstacles, and public health strategies necessary to address
to mitigate the impact of co-infection and resistance. Continued research, innovation, and
collaborative efforts are essential to improving clinical outcomes, reducing the transmission
rates, and ultimately achieving the control of both the HIV and TB epidemics in India
and beyond.
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