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Biomarkers for Tuberculosis Diagnosis and Monitoring: A Review of Translational Progress

Abstract
Tuberculosis (TB) still presents a major threat to public health, and accurate diagnosis of tuberculosis, monitoring TB treatment, as well as TB drug resistance are still challenging goals. Research in biomarkers—both host, pathogen pathogen-derived—has led to novel frontiers in the diagnosis and management of TB. These advancements contribute to faster diagnosis, customized treatment plans, and better monitoring of response to therapy. Direct pathogen-based markers, such as M. tuberculosis DNA, lipoarabinomannan (LAM), and mycobacterial proteins, that directly demonstrate infection, have the most potential, particularly in resource-poor settings. Cytokines such as interferon-gamma (IFN-γ) and inflammatory markers, such as C-reactive protein (CRP), are endogenous biomarkers that mirror responses of the immune system and may play a role in the management of treatment, especially in immunocompromised populations, such as patients with HIV. These progresses notwithstanding, the application of a biomarker-centered approach on a large scale remains a major obstacle,  due to technical, economic, and regulatory constraints. Furthermore, various performances among the biomarkers in different populations limit clinical utility. Future studies in this area should aim to create point-of-care diagnostics, multi-biomarker panels, and to integrate the device with digital health technology platforms for real-time monitoring. These methods have the potential to substantially improve TB control, particularly in low- and middle-income countries. If current challenges can be overcome and research horizons broadened, biomarker-driven diagnosis and monitoring strategies may have key contributions in global TB control.

I. Introduction
Tuberculosis (TB) still carries a large burden of contagious cause of death globally, and has approximately 10.6 million new cases and 1.3 million deaths reported just in 2022 (1). Even though the disease has a cure, TB persists to be a major threat to public health, especially in low-resource settings where there is a limited amount of resources(2). The most difficult challenge in controlling TB is precise and accurate diagnosis, especially in immunocompromised populations with HIV co-infection, children, and people living with extrapulmonary TB. The conventional method of diagnosis, such as sputum smear microscopy, culture, and chest radiography, struggles with sensitivity, specificity, and practicality limitations, particularly in resource-constrained environments(3).
Recent research has mainly delved into the identification and development of biomarkers that are measurable indicators of biological processes or disease states, which can facilitate the diagnosis and prognosis of TB. These biomarkers can revolutionize the management of   TB by fostering early detection, differentiating latent infection from active one, monitoring response to treatment, and predicting relapse or cure (4).  The discovery of promising host- and pathogen-derived biomarkers has been accelerated by. Frontiers in molecular biology, omics technologies, and systems immunology(5).  These advances are significant in tackling gaps in diagnosis for non-sputum-producing patients and modernizing the management of multidrug-resistant tuberculosis. In this review, we aimed to give a directed overview of the current terrain of TB biomarkers, highlighting the diagnostic and treatment monitoring potential (6). We were able to expatiate both host-derived and pathogen-derived biomarkers, evaluate their clinical usage, and delve into the translational challenges that could be hindering implementation. This review aims to enhance future research directions and support the incorporation of biomarker-based approaches into global TB control strategies by highlighting recent progress and remaining gaps (2). 

II. A Review of Biomarkers in Tuberculosis
Biomarkers are considered to be measurable pointers of biological and pathogenic processes, or pharmacological responses to a therapeutic intervention. When it comes to infectious diseases like tuberculosis (TB), biomarkers have surfaced to be a turning point tool in the progress of diagnostic accuracy, disease classification, prognosis, and therapeutic monitoring (7). The complex burden of TB varies from latent infection to different active forms of the disease, and response to treatment has made it compulsory the need for a dynamic and integrative approach to diagnostics, and biomarkers are at the pinnacle of this paradigm shift (8).
We broadly classify the biomarkers in TB based on their functional roles, which include diagnostic, prognostic, predictive, and monitoring biomarkers. Biomarkers used in detecting the presence of an active form of the disease, mostly in a non-invasive way that surpasses the limitations of conventional sputum-based tests are called Diagnostic biomarkers while Prognostic biomarkers are those whose goal is to predict the chances of disease progression from latent TB infection (LTBI) to the active one which is essential p for preventive measures to be put in place. Predictive biomarkers are useful in identifying patients who are possibly going to respond favorably to a particular treatment; conversely, monitoring biomarkers help evaluate responses to therapy and detect treatment failure or relapse early(9).
 TB ranges from asymptomatic latent infection to highly symptomatic infections, which are contagious active disease and pose a crucial difficulty for current diagnostic algorithms. Latent TB infection is hard to find because it lacks symptoms that are clinically obvious and a detectable bacterial load using conventional microbiological methods (10). In addition, TB in immunosuppressed patients, like those living with HIV or in extrapulmonary sites, worsens diagnosis. As a result, there is an urgent need for biomarkers that are capable of meticulously classifying the spectrum of the disease, helping to identify upcoming TB patients, and guiding personalized patient management(11).
An ideal biomarker of TB would ordinarily demonstrate high sensitivity and specificity, and should be useful in a diverse setting and be compatible with point-of-care diagnostics settings. It is also assumed to be vigorous through various geographical locations and epidemiological circumstances, and should be adjustable to uniformity and versatility. In clinical practice, these potential biomarkers encounter barriers regarding inconsistency in the immune response of the host,  diversity in the pathogen, and differences in host genetics or co-infections(12). These barriers pose the need for multi-faceted approaches, systems-level analysis (e.g., transcriptomics, proteomics, metabolomics), and machine learning models to understand complex biomarker data.
The discovery of numerous promising biomarker candidates, particularly through high-throughput "omics" platforms and integrative bioinformatics pipelines, has been improved by technological advancements. Nevertheless, the translational application of biomarkers into the clinical setting remains arduous(13). Authentication in large, diverse cohorts, demonstration of added value over existing diagnostics, and considerations for regulatory approval and cost-effectiveness are important approaches in its clinical implementation. Biomarkers present a revolutionary potential to bridge gaps in diagnostics and care of  TB. Biomarkers hold promise for catalyzing a new era in TB diagnosis and management, a data-driven approach that is minimally invasive and globally accessible by enabling faster, more precise, and improved patient outcomes. 

[image: Figure 7]
 Fig 1: Schematic representation of the processes and proteins detected as modulated during the progression of the TB from a latent asymptomatic infection to an active disease. Proteins in blue are decreased in active TB patients, whereas proteins in red are increased in this group versus both LTBI and uninfected contacts. Proteins in bold were also detected as significantly modulated in an independent cohort by targeted antibody-based techniques. Mateos et al (2020). Serum proteomics of active tuberculosis patients and contacts reveals unique processes activated during Mycobacterium tuberculosis infection. Sci Rep 10, 3844. https://doi.org/10.1038/s41598-020-60753-5




III. Host-Derived Biomarkers
  The host immune response to Mycobacterium tuberculosis (Mtb) infection offers a rich reservoir of potential biomarkers for the diagnosis and monitoring of TB. Contrary to traditional diagnostics that focus on direct detection of the pathogen, the host-derived biomarkers mirror the physiological and immunological changes that happen during different stages of TB infection and treatment. These biomarkers, which consist of transcriptomic, proteomic, and metabolomic signatures, are essential in situations where sputum-based diagnosis is not as effective as it should be, e.g, in children, HIV patients, and in the cases of extrapulmonary TB(14).

Table 1: Summary of Key Biomarkers for Tuberculosis Diagnosis and Monitoring
	Biomarker
	Type
	Sample Type
	Diagnostic Role
	Monitoring Role
	Clinical Relevance

	IFN-γ
	Cytokine
	Blood (IGRA)
	LTBI and active TB discrimination
	Limited
	Widely used in IGRA (e.g., QuantiFERON), but cannot distinguish all stages.

	IP-10
	Chemokine
	Blood
	Active TB detection
	Potential marker for treatment response
	Higher levels in active TB than LTBI; promising in children and HIV patients

	CRP
	Acute phase protein
	Blood
	Non-specific but supportive
	Useful in monitoring therapy
	Elevated in active TB; declines with treatment

	lipoarabinomannan (LAM)
	Mycobacterial antigen
	Urine
	Useful in HIV+ TB patients
	Limited
	Point-of-care test in advanced HIV; WHO endorsed

	miR-155, miR-29a
	microRNAs
	Serum/plasma
	Experimental
	Under investigation
	Differentially expressed in TB; possible future diagnostics

	IL-6, TNF-α
	Cytokines
	Blood
	Adjunct markers
	Possible treatment monitoring
	Associated with inflammation; not specific to TB

	CD27, CD38 (on T cells)
	Surface markers
	PBMCs (flow cytometry)
	Distinguishing active vs latent
	Yes
	Part of the immune profiling panels for TB diagnosis



A. Transcriptomic Signatures
One major cornerstone in the search for host biomarkers in TB is Transcriptomics, due to its potential to detect vigorous changes in gene expression in infection responses (15).  Transcriptional signatures that are blood-based have demonstrated crucial promise in distinguishing active TB from latent TB infection (LTBI), other respiratory diseases, and in envisaging the progression disease before the beginning of clinical symptoms (16).
Numerous transcriptomic signatures have become more popular in current literature. The Sweeney3 signature is one mostly studied and it is a three-gene panel (GBP5, DUSP3, and KLF2) that meritoriously differentiates active TB from other disease state, and has a high sensitivity and specificity potential.  RISK6 is another common example, and it is a six-gene signature authenticated in multiple cohorts and has shown strong performance in its ability to identify subclinical and early onset of TB (17).  These signatures are not just helpful in providing diagnostic clarity, they also have strong potential as prognostic tools that are capable of recognizing individuals who are at higher risk of disease progression from LTBI to active disease(18).
Moreover, the Zak16 signature is a 16-gene panel that has been proven to predict progression of active TB up to about 18 months even before clinical manifestation of symptoms (19).  These gene expression profiles are very promising for intervention in early diagnosis, which enables proactive treatment and potentially interrupts transmission chains before disease onset (20). The use of RNA-sequencing and microarray platforms, although powerful, poses challenges related to cost, technical complexity, and standardization, limiting immediate implementation in resource-poor settings. However, efforts are underway to translate these findings into simplified, PCR-based assays suitable for field use(2).
B. Protein-Based Biomarkers
Aside from gene expression, protein biomarkers give a more direct explanation of immune activity and are mostly adjustable in clinical translation. Among these, cytokines and chemokines have evolved as the major entrants (21). For example, Interferon gamma-induced protein 10 (IP-10) has been rigorously examined as both a diagnostic and monitoring biomarker. It has been proven to possess higher sensitivity than interferon-gamma release assays (IGRAs) in identifying active TB, particularly in individuals infected with HIV and young children (22). High levels of IL-6, TNF-α, and IL-1β are also mostly seen in cases of active TB. This directly relates to the severity of the disease and bacterial load(23).
 Another well-established biomarker that reflects systemic inflammation is the C-reactive protein (CRP), which is an acute-phase protein.  Although CRP is non-specific, it has a rapid kinetic mechanism and low cost that makes it useful as a multi-marker diagnostic approach. Ferritin is also an iron-storage protein that has been associated with active TB and immune activation(24). It is paramount to note that the combinations of multiple protein markers majorly outpace single markers when it comes to accuracy in diagnosis.  For example, panels that combine IP-10, CRP, and other cytokines have demonstrated high discriminatory power both in adults and pediatric populations(25).
Efforts have been put in place commercially to integrate those kinds of markers into multiplex lateral flow assays and ELISA-based platforms. Nevertheless, like transcriptomic markers, protein biomarkers need arduous authentication through different population characteristics (22).  And epidemiological settings. Factors like as co-infections, nutritional status, and genetic background may have an impact on the expression of biomarkers and must be accounted for while developing the test(26). 
C. Other Omics-Based Biomarkers: Metabolomics and Lipidomics
Currently, one of the most powerful tools that have evolved is metabolomics and lipidomics. They are found to help uncover host-response signatures that reflect TB-induced alterations in metabolic pathways (27). These tools capture changes in small-molecule metabolites or lipid profiles in biofluids such as blood, urine, and exhaled breath condensate(28).
Research has shown that many metabolic alterations in TB patients include alterations in the metabolism of tryptophan, lipid catabolism, and amino acid biosynthesis (29). For example, high levels of kynurenine, which causes a downstream product of tryptophan metabolism, have been seen in active TB and may reveal immune-mediated catabolism through the IDO pathway (30). Likewise decrease in phospholipids and an increase in triglycerides in the plasma of TB patients indicate Mtb’s manipulation of host lipid metabolism for its survival and persistence(31).
Urine-based metabolomics is specifically attractive due to its non-invasive nature. Metabolite panels obtained from urine samples have the potential for differentiating TB from other respiratory infections and for monitoring response to treatment. A study reported a five-metabolite urine panel to achieve over 80% sensitivity and specificity for the diagnosis of active(32). 
Lipidomics has shown distinct signatures that require host and pathogen-derived lipids, such as mycolic acids and lipoarabinomannan fragments. These lipid markers are being used not just for diagnosis but also for the understanding of disease mechanisms and outcomes of treatment(33,34). However, omics technologies provide an unrivaled complexity and discovery potential; their incorporation into clinical workflows is still emerging. Their widespread use is being limited by complexity, cost, and the need for bioinformatics expertise (35). However, frontiers in portable devices, biosensor technologies, and machine learning–based analysis are progressively bridging the gap in diagnostic laboratory research and point-of-care applicability(36).
Host-derived biomarkers that traverse transcriptomic, proteomic, and metabolomic domains have great potential in revolutionizing the diagnosis, treatment, and monitoring of TB. Transcriptomic signatures provide early and specific means of disease detection, protein markers provide easy-to-use and scalable tools, and metabolomics gives deep insights into host-pathogen interactions(37).  Evolving research should continue to refine and validate these biomarkers, and delve into their convergence into multi-modal diagnostic platforms to make a pivotal transformation in the global fight against TB. Coordinated efforts across discovery science, clinical validation, and health systems integration are required to achieve this goal and ensure these tools are not only scientifically robust but also practically deployable in high-burden settings(38). [image: ]Figure 2: Multi-Omics Approach for Biomarker Discovery in Tuberculosis Treatment Monitoring.    
V. Biomarkers for Treatment Monitoring
  An important aspect of managing tuberculosis (TB) is the ability to monitor treatment efficacy and detect early onset of treatment failure or relapse. Although conventional methods like as sputum smear microscopy and culture are still essential in monitoring bacterial load, they mostly lack the sensitivity and rapid turnaround time that is needed for deciding in real-time.  As a result of this, identifying reliable biomarkers that can help monitor response to treatment and predict relapse is now a very important aspect for researchers to delve into(39). 
A. Early Predictors of Treatment Success or Failure
Most of the host-derived and pathogen-derived biomarkers have been seen to have the potential to determine early responses to TB therapy. For example, C-reactive protein (CRP), which is a marker of systemic inflammation, has been used to monitor the reduction of inflammation in response to TB treatment(40). High levels of CRP usually signify active disease and inflammation, and being reduction while undergoing therapy can be categorized as an early indicator of the success of treatment.  On the other hand, a frequent increase in the levels of CRP regardless of treatment could mean a failure in treatment or the formation of drug resistance(32).
Interferon-gamma (IFN-γ) and IP-10 are host-derived biomarkers that have been studied in longitudinal treatment monitoring.  They are cytokines that have been reported to decrease in response to effective TB therapy and can be measured to speculate on therapeutic success.  Although these markers seem sensitive to changes in the immune response, they are mostly nonspecific and may be triggered by other infections or inflammatory conditions(41).
B. Biomarkers for Monitoring Drug Resistance
Drug resistance, especially multi-drug-resistant (MDR) and extensively drug-resistant (XDR) TB, makes the treatment of TB more shows a significant challenge to TB treatment. Monitoring for resistance during treatment is essential in guiding and adjusting therapy to ensure improved patient outcomes. Conventional methods for examining resistance, like phenotypic method of detection and molecular testing, which include (e.g., Xpert MTB/RIF), warrant specific laboratory structures and it is time time-consuming(42). 
Recent research has delved into biomarkers that can be used to easily spot resistance during treatment.  For example, mycobacterial DNA mutations that cause resistance to rifampicin and isoniazid can be easily detected on time hence helping health care professionals adjust treatment accordingly. Furthermore, metabolomic profiles from sputum and urine samples can be examined a potential indicators of how effective a drug is, especially where changes in specific metabolites may be associated with the formation of drug resistance(43).
C. Monitoring Relapse and Recurrence
Relapse or recurrence of TB can be seen even after several months or years of completing treatment, which has made long-term management more complicated. As a result of this, biomarkers that can predict relapse before the onset of clinical symptoms are of utmost importance. Transcriptomic signatures that continue after successful treatment, giving a way of means of noticing subclinical infection or residual bacterial presence that might lead to relapse, have been reported recently. An example is the RISK6 signature, which is insightful in identifying patients who are prone to relapse, despite completing the standard six-month treatment regimen(44).
Moreover, the continuity of biomarkers that are pathogen-derived, such as LAM, in body fluids may present ongoing infection or failure to completely kill the pathogen, even when clinical symptoms are no longer obvious(45).


D. Limitations and Future Directions
Even though biomarkers are very promising in revolutionizing treatment options for TB patients, integrating them into clinical practice still poses a great challenge due to several factors, including cost, accessibility, and variability in patient outcomes(33). Further research is essential to recognize more specific and reliable biomarkers that can successfully predict treatment outcomes and are highly sensitive and specific across different populations. Additionally, there is an ongoing interest in the development of multiplex biomarker panels that can combine host and pathogen biomarkers and offer a more comprehensive and precise picture of the progress of treatment(46).
Biomarkers for monitoring TB are inestimable for combating therapeutic responses, identifying drug resistance, and predicting relapse.  To improve TB treatment regimens and patient outcomes, continued innovation in biomarker discovery and validation is paramount(47)
VI. Implementation Challenges and Future Directions
Regardless of how innovative biomarkers are in TB treatment, incorporating them into routine clinical practice faces a lot of barriers.  To address this limitation, it is necessary to realize the full potential that biomarker-based approaches have in controlling TB globally.  We discussed the key challenges and suggested possible future directions to help overcome these barriers, to facilitate the incorporation of biomarkers into the routine management of TB(48). 
A. Technical and Methodological Challenges
Technical complexity is one of the most substantial challenges when it comes to implementing TB biomarkers in the everyday routine management of TB.  A lot of hopeful biomarkers, especially those derived from advanced technologies such as next-generation sequencing, proteomics, and metabolomics, need refined equipment, technical expertise, and a well-structured laboratory. Most of these are not available in low-resource communities that seem to have a high TB burden(49). 
For example, while RNA-based assays have shown high accuracy in detecting TB, their high cost and it requires to rely on advanced bioinformatics tools, and the need for well-established laboratory infrastructures have made them not useful in poor LMIC(50).  Although metabolomic and proteomic techniques are highly sensitive and specific, they require expensive reagents and advanced analytical competencies that may not be accessible in places that are not fully equipped(51). 
Solving this problem requires assays that are simplified, portable, and cost-effective, and can be used in local regions that have little or no access to good infrastructure(52). Techniques like lateral flow assays, loop-mediated isothermal amplification (LAMP), and point-of-care diagnostic devices seem insightful in tackling these challenges by offering rapid, on-site diagnostics with less equipment and reduced cost. Continued innovation and adaptation of high-throughput techniques for field use will be critical to overcoming these technical barriers(51).
B. Variability in Biomarker Performance
Both host- and pathogen-derived biomarkers show inconsistency in their pattern of sensitivity and specificity across different populations. This disparity is impacted by diverse factors, such as co-infections (e.g., HIV), nutritional status, genetic diversity, and differences in geographical location in strains of the pathogen(53). For example, although the Xpert MTB/RIF assay has demonstrated high sensitivity in areas with higher disease burden, its ability to perform well could be hampered by the presence of rifampicin resistance mutations that are still localized or by disparity in the bacterial load. Likewise, in HIV-positive patients, LAM testing is more sensitive, but not so in populations with mild or non-severe TB, which presents a major challenge to its universal use as a diagnostic tool(54).
TB disease is heterogeneous, and the differences between pulmonary and extrapulmonary TB make the application of biomarkers more complicated.  When it comes to detecting pulmonary TB, some biomarkers may be more effective than others, while other biomarkers may be well adapted for extrapulmonary cases(55).  Addressing this requires a multi-biomarker panel that combines different host- and pathogen-derived markers, which could give vigorous and comprehensive diagnostic potential and enhance both sensitivity and specificity across various patient populations. Nonetheless, implementing such panels involves carrying them out in a variety of locations to facilitate their generalization(56).
C. Regulatory and Standardization Challenges
[bookmark: _GoBack]The discovery of clinical applications of biomarkers is a long process with many barriers within the regulatory process. Before the test is conducted in each country, it must undergo laborious clinical validation to ensure they are safe and effective before approval for routine use. This can last from months to years, which can subsequently delay the availability of revolutionary technologies(57).
Moreover, standardizing biomarker assays poses a great challenge. For biomarkers to be extensively accepted, international validation is compulsory to confirm their reliability across different settings and populations.  Inconsistencies in results can be a result of differences in testing platforms, reagent quality, and assay protocols, which can reduce the usage of biomarkers in clinical practice(58).
International partnerships like those adopted by the World Health Organization (WHO) and the Stop TB Partnership are essential for progressing the standardization of TB diagnostic tests. These organizations can offer guidance on the evaluation of biomarkers, help complement the protocol of testing, and ensure that new assays meet global health standards(59).
D. Financial and Logistical Barriers
The extensive usage of biomarker-based diagnostics and monitoring tools experiences major financial and logistical limitations. Although biomarker testing could be more accurate and less resource-intensive compared to conventional methods, its original cost could still be exorbitant, especially in low-income countries(60). Reagent and devices cost, and training personnel, can make it harder for healthcare professionals to scale up new diagnostic technologies, despite holding the potential of long-term savings(61).
Furthermore, integrating biomarker-based tests into already existing health infrastructures needs significant investment in capacity building. Training healthcare professionals, safeguarding adequate supply chains for reagents, and developing appropriate referral chains are necessary for effectively implementing TB biomarkers(60). Addressing these financial and logistical challenges could benefit from Public-private partnerships and global funding initiatives, such as those provided by the Global Fund and the Bill and Melinda Gates Foundation.
E. Future Directions
Overcoming these aforementioned challenges, revolutionizing the future of TB biomarker research involves a multi-pronged approach. Key future directions may include:
1.  Point-of-Care Diagnostics Development: Progressive innovation in portable and low-cost diagnostic equipment that can be used in localized  settings  is paramount in making TB diagnostics more globally accessible
2. Focusing on Multi-Biomarker Panels: Integrating multiple biomarkers will enable researchers to improve the accuracy of diagnosis via various manifestations of TB and patient populations.
3. Integrating Digital Health: using mobile health platforms and artificial intelligence for real-time interpretation of biomarker data can modernize the process of decision-making decision particularly in a resource-limited environment.
4.  Field Studies Expansion: Large-scale, multi-country studies are important in validating biomarkers in diverse populations and ensuring their applicability through a wide range of clinical settings.
Although there are notable barriers to the extensive adoption of biomarkers in diagnosis and monitoring of TB, persistent research and development, alongside strategic investments in health infrastructure, can be of help in tackling this, menace Addressing technical, regulatory, and financial challenges, biomarker-based approaches is capable of revolutionizing the global fight against TB(53).
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Conclusion
Identifying and using biomarkers in the diagnosis and management of tuberculosis (TB) offers an insightful approach in the global fight against TB.  Whether biomarkers are host-derived or pathogen-derived, they provide vital knowledge into the presence of active TB, efficacy of treatment and formation of drug resistance, and also the chances of relapse. These markers majorly facilitate precise diagnosis, enable speedy detection, and encourage more tailored treatment options, which are paramount in location that carries a higher disease burden(62). 
 Mycobacterium tuberculosis DNA, lipoarabinomannan (LAM), and mycobacterial proteins are pathogen-derived biomarkers that show direct evidence of infection and contribute to precise monitoring and diagnosis of TB.  These biomarkers help detect drug resistance and provide essential details regarding the management of multidrug-resistant and extensively drug-resistant strains of TB.  Cytokines and inflammatory markers are host-derived biomarkers that, as pointers of the immune response to the pathogen, give additional information about diagnosis and prognosis, mostly in immunocompromised patients(8).
Regardless of the hope the TB biomarkers give, their implementation is still a challenge in terms of technical complexity, performance variability, regulatory bodies, and financial limitations.  Tackling these challenges needs an innovative approach in diagnostic technologies, the production of cost-effective and portable testing methods, and international measures to regularize the global usage of biomarkers.
Future research endeavors should focus on the incorporation of multiple biomarkers into composite panels, to facilitate accuracy in the diagnosis different diverse populations, and progressive development of point-of-care solutions. Joint effort will greatly be of help in showing that biomarkers have the potential to transform TB diagnosis and treatment, thereby helping in the fight against one of the greatest challenges facing modern medicine. 
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