


Methods of Immunohistochemistry and its Applications: A review


ABSTRACT
Hematoxylin and Eosin stain is a standard stain in histopathology that allows for the microscopic analysis of tissue samples for the detection of infections and malignancies. However, problems arise due to the similar appearances of diseases and cells, leading the relevance of Immunohistochemistry (IHC) as a valuable approach. This review highlights the concepts, processes, uses, and future views of IHC, a popular immunostaining approach for detecting specific proteins in tissue slices. Relevant literature was retrieved from PubMed, Scopus, and Web of Science databases using keywords related to immunohistochemistry, biomarkers, and diagnostic applications, with emphasis on studies published in the last decade. Fixation, embedding, sectioning, antigen retrieval, blocking, detection, counterstaining, mounting, and visualization are all part of the multistep IHC process, which is interpreted based on microanatomic distribution and staining intensity. Common IHC problems, such as non-specific staining, tissue artifacts, inadequate inactivation of endogenous peroxidase activity, and cross-reactivity, can have a significant impact on the accuracy and dependability of results, influencing the interpretation of biological findings. Despite its complexities, IHC continues to play important roles in a variety of diseases, including cancers, infectious diseases, neurodegenerative disorders, and muscle diseases. The introduction of digital pathology develops as a gradual improvement, overcoming constraints and enabling more accurate histopathological studies. In conclusion, immunohistochemistry remains a cornerstone of precision diagnostics, connecting molecular insights with morphological context, and its integration with digital pathology continues to improve diagnostic accuracy, reproducibility, and personalized patient care.
Keywords: Immunohistochemistry, pathology, antibody-based detection, multiplex IHC


Introduction
Immunohistochemistry (IHC) is a technique that uses labeled antibodies to locate antigens in tissues(Mebratie&Dagnaw, 2024; Cho, 2022). When applied to individual cells, it is known as immunocytochemistry. Antibodies, which are natural products of the body's immune response, are used to visualize the site of the antibody's binding to the tissue or cellular antigen.1 The label is attached to the antibody molecules and can be detected.Immunocytochemistry is sometimes known as 'immunolabeling.' The history of immunohistochemistry, as important as its products, honors the innovation of physicians and basic scientists around the world(Rivera & Hang, 2025; Momeni-Boroujeni et al., 2025). The discoveries that led to the creation of immunohistochemistry began in the 1890s, with small research on'serum treatment' that was closely related to bench discoveries. Dr. Emil von Behring worked at the University of Bonn's Pharmacological Institute as an assistant to Robert Koch, a pioneer in bacteriology research and future Nobel Laureate. Von Behring and his colleague Kitasato discovered that injecting animals with attenuated forms of diphtheria germs caused the animals to develop 'anti-toxins' in their sera, which could be utilized therapeutically to cure these disorders.2
They had made a breakthrough, albeit a passive one, in treating diphtheria and tetanus, and successfully treated the first child in 1890. The translational impact was enormous because, before, the death rate from this disease in Germany alone was over 50,000 per year; the antitoxin serum lowered the mortality rate from more than 50% to 13%. As a result, serum therapy began to save many lives, including Dr. von Behring's wife Else, who went on to have seven children with him. Von Behring's work with serum treatment earned him the first Nobel Prize in physiology and medicine in 1901.
The application of IHC can provide valuable diagnostic information in the initial determination of malignancy. Specific antibodies directed against a range of generic tumour markers determine their presence/absence in disease tissue versus normal, as well as the specific diagnostic label for a given set of histological changes.  Although the IHC analysis is often interpretative and thus carries a reduced specificity, the identification of immunoreactivity patterns can confirm tumour type. Furthermore, when utilized in combinations and interpreted in the correct clinical context, the value of such markers is greatly enhanced.


Statement of the Problem
Despite its pivotal role in modern diagnostics and biomedical research, immunohistochemistry (IHC) faces significant challenges that limit its full potential in precision medicine. Since its inception, IHC has transformed pathology by enabling the visualization of specific proteins within preserved tissue sections, thereby facilitating disease diagnosis, classification, and prognosis.3 Advances such as antigen retrieval and multiplex immunohistochemistry have improved sensitivity, specificity, and biomarker detection capacity.4,5 However, these improvements have not fully eliminated critical barriers.
One major problem lies in variability and subjectivity. Differences in pre-analytical factors such as tissue fixation, antibody specificity, and antigen retrieval protocols contribute to inconsistent results across laboratories.6 Additionally, IHC interpretation often depends on human expertise, making it prone to observer bias and reducing reproducibility.7 The issue becomes more pronounced when IHC is used for prognostic markers, such as Ki-67 in oncology, where accurate quantification is crucial for treatment decisions.8
Another limitation is technological complexity and accessibility. While fluorescence-based multiplex IHC enables simultaneous detection of multiple biomarkers, it requires costly equipment, expertise, and suffers from fluorophore instability.9 These challenges restrict its widespread clinical use, particularly in low-resource settings. Furthermore, the integration of IHC with emerging molecular and digital technologies, such as artificial intelligence driven image analysis, remains underutilized, despite its potential to improve accuracy and standardization.10
Therefore, the central problem is that although IHC remains indispensable in diagnostic pathology and translational research, its effectiveness is constrained by technical variability, interpretative subjectivity, and limited integration with advanced molecular and computational tools. Addressing these gaps is important to strengthen its diagnostic reliability and enhance its role in precision medicine.The general aim of this review is to highlight the concepts, processes, uses, and prospects of IHC, a popular immunostaining approach for detecting specific proteins in tissue slices.





Literature Review
Historical Development of Immunohistochemistry
In the 1920s, Michael Heidelberger, often regarded as a founding figure in immunology, demonstrated that antibodies are proteins and developed early antigen–antibody visualization methods using colored dyes to reveal immunologic complexes.11
Their pioneering work, formalized in a key 1950 publication, laid the methodological groundwork for immunofluorescence and ultimately modern IHC.12
Another milestone emerged in the early 1990s with the advent of antigen retrieval techniques. Developed by Shan-Rong Shi and colleagues, heat-induced antigen retrieval revolutionized IHC by restoring epitope accessibility in formalin-fixed, paraffin-embedded (FFPE) tissues dramatically improving staining sensitivity and reproducibility.9
Principles and Methodological Foundations
Antibody-Antigen Binding Theory
Antibodies are specialized proteins produced by B-lymphocytes that recognize and attach to antigens unique molecular structures usually found on the surface of cells, pathogens, or tissues. This binding is highly specific, often compared to a "lock-and-key" mechanism, where the antibody’s binding site (paratope) fits precisely with the antigen’s binding region (epitope). This interaction is non-covalent, relying on hydrogen bonds, van der Waals forces, and electrostatic interactions, which together create a strong but reversible bond.13
In IHC, this biological principle is harnessed to detect the presence, distribution, and abundance of specific proteins within tissue sections. By applying antibodies against a target protein, researchers and clinicians can visualize molecular changes in health and disease, making antibody-antigen binding the molecular foundation for diagnostic pathology and translational research.14
Direct vs. Indirect IHC Methods
There are two main approaches to applying antibody-antigen theory in IHC: thedirectandindirectmethods
· Direct IHC: involves labeling the primary antibody with a detectable marker, such as an enzyme (e.g., horseradish peroxidase) or a fluorescent dye. When applied to tissue, this antibody binds directly to the antigen, and the attached label produces a visible signal. The advantage of direct IHC is its simplicity and reduced background staining, but its sensitivity is often lower because each antigen is bound by only one labeled antibody.14
· Indirect IHC: uses a two-step process. The primary antibody binds to the antigen, and then a secondary antibody-conjugated with the detection system binds to the primary antibody. Since multiple secondary antibodies can attach to one primary antibody, this method greatly amplifies the signal, making it more sensitive than direct IHC. Indirect IHC is therefore more widely used in research and diagnostics, despite being more time-consuming and having a slightly higher risk of nonspecific background staining.15
Enzyme- and Fluorescence-Based Detection Systems
Detection systems are central to immunohistochemistry (IHC) because they make the invisible antibody–antigen binding events visible to the human eye or imaging equipment. Two widely used approaches are enzyme-based and fluorescence-based detection systems, each with distinct advantages and applications.6
Enzyme-Based Detection
Enzyme-based detection remains the most common method in diagnostic pathology. The secondary antibody is conjugated to an enzyme such as horseradish peroxidase (HRP) or alkaline phosphatase (AP). After binding, a chromogenic substrate (e.g., diaminobenzidine for HRP) is added, and the enzyme catalyzes a chemical reaction that produces an insoluble colored precipitate directly at the antigen site. This creates a permanent stain visible under a standard light microscope.
The major advantage of enzyme-based systems is their stability and reproducibility. Stained slides can be stored long-term, making them suitable for diagnostic archives and retrospective research. However, the intensity of the signal depends on substrate development and may be limited when detecting very low-abundance proteins.16
Fluorescence-Based Detection
Fluorescence detection, in contrast, uses fluorophore-conjugated antibodies. When exposed to light at specific excitation wavelengths, these fluorophores emit light at longer wavelengths, producing a bright fluorescent signal. This approach allows for high sensitivity and the simultaneous detection of multiple antigens through different fluorescent colors (multiplex immunofluorescence).
The strength of fluorescence-based detection lies in its quantitative potential and multiplexing ability, which is particularly valuable in cancer biomarker research, neuroscience, and systems biology.6 However, fluorescence signals are less permanent, as fluorophores can photobleach over time, and slides usually require specialized fluorescence or confocal microscopes for analysis.9


MATERIALS AND METHODS
Search Strategy
A comprehensive search was conducted in PubMed, Scopus, Web of Science, and Google Scholar to identify relevant articles published between January 2015 and January 2025. Search terms included “Immunohistochemistry,pathology, antibody-based detection, multiplex IHC” Inclusion criteria comprised English-language publications from 2015 to 2025 focusing on immunohistochemistry in tissue specimens.Additionally, manual searches were performed in the references lists of retrieved studies to capture any relevant publications not indexed in the databases.
Eligibility Criteria
The eligibility framework was described to ensure the inclusion of peer-reviewed literature that specifically focused on immunohistochemistry techniques, findings, and applications. Articles were considered based on publication year, methodological rigor, relevance to immunohistochemistry and availability of full text.
Inclusion Criteria
i. Studies published between 2015-2025.
ii. Peer-reviewed original research, reviews or meta-analyses addressing immunohistochemistry
iii. Research employing immunohistochemical methods.

Exclusion Criteria
i. Articles published before 2015
ii. Non-English publications
iii. Research lacking adequate methodological detail
iv. Duplicate publications.
Data Extraction and Synthesis
All identifies articles were exported into Mendeley reference manager to remove duplicates. A two-stage screening process was carried out (i) title and abstract screening to assess relevance, and (ii) full-text review for final selection. Data extracted included:
· Author(s) and year of publication
· Study design and objective
· Immunohistochemical technique
· Key findings and implications for diagnostics or biomedical sciences
Extracted data were synthesized into narrative form, highlighting trends, advancements and methodological limitations across the included studies.
Quality Assessment
The quality of the included studies was assessed using a modified version of the PRISMA guidelines, focusing on methodological clarity, reproducibility and scientific relevance. Each study was evaluated for its experimental rigor, sample size adequacy, reporting transparency and the extent to which findings contributed to understanding immunohistochemistry.



RESULTS
The review revealed that immunohistochemistry (IHC) has undergone significant methodological and conceptual evolution over the last decade, establishing itself as one of the most powerful tools in pathology and biomedical research. A recurrent theme across studies was the continued reliance on IHC for diagnostic, prognostic, and research applications, particularly in oncology, neurology, and infectious diseases.3,6
Traditional single-marker IHC techniques remain widely used because of their affordability and straightforward workflow. However, their limitations in specificity, reproducibility, and interpretative consistency were consistently reported, especially when distinguishing morphologically similar tumors or quantifying prognostic biomarkers such as Ki-67 and HER2.7,8 To overcome these challenges, recent research has emphasized technological innovations including multiplex IHC (mIHC), recombinant antibody development, and automated digital workflows.
Multiplex IHC emerged as one of the most transformative advances, allowing the simultaneous detection of multiple biomarkers within a single tissue section. This has been particularly useful in oncology, where tumor microenvironment analysis and immune cell profiling require multi-dimensional information.5 Studies demonstrated that mIHC enhances precision oncology by identifying biomarker co-expression patterns that cannot be captured with single-marker staining. Similarly, the development of recombinant monoclonal antibodies was highlighted as a key factor in reducing cross-reactivity and improving signal-to-noise ratios, which remain persistent issues with polyclonal antibodies.10
Another prominent finding was the integration of digital pathology and artificial intelligence (AI) into IHC workflows. Automated platforms and AI-assisted image analysis were reported to improve reproducibility by minimizing inter-observer variability and enabling high-throughput biomarker quantification. For example, AI-based algorithms have been validated to provide more consistent scoring of prognostic markers such as HER2 compared to manual interpretation.9
The diagnostic function of IHC in breast cancer also emerged as a critical area of advancement. Studies consistently demonstrated that IHC remains the gold standard for identifying hormone receptor status (estrogen receptor [ER] and progesterone receptor [PR]) and HER2 expression, which form the basis of molecular subtyping in breast cancer.16,10 These markers not only guide therapeutic decisions including endocrine therapy and HER2-targeted therapies but also provide prognostic information that strongly influences patient management. Furthermore, IHC has been instrumental in differentiating invasive ductal carcinoma from other histologic subtypes and in distinguishing primary breast tumors from metastatic lesions of extramammary origin.20 Recent reports also highlighted the utility of multiplex and digital IHC approaches in refining molecular classifications, improving accuracy in borderline HER2 cases, and reducing subjectivity in scoring.11
Among these biomarkers, the estrogen receptor (ER) is of particular importance. ER is localized in the nucleus of breast cancer cells, and when specific anti-ER antibodies are applied, positive nuclear staining is observed. The detection of ER expression indicates that the tumor is hormone-dependent, which has profound therapeutic implications. ER positivity predicts a favorable response to endocrine therapies, including selective estrogen receptor modulators such as tamoxifen and aromatase inhibitors, making ER status one of the most powerful prognostic and predictive tools in breast cancer management.
Similarly, the progesterone receptor (PR), which is also located within the nucleus, demonstrates nuclear staining when bound by its corresponding antibodies. PR expression is often co-expressed with ER, and its detection serves as an additional indicator of hormone responsiveness. Although PR is less predictive than ER, its expression reinforces the likelihood of response to endocrine therapy and further refines molecular classification of breast cancers.
Collectively, these antigen–antibody interactions provide actionable diagnostic and therapeutic insights. For example, ER/PR-positive, HER2-negative tumors are classified as luminal subtypes and are treated primarily with endocrine therapy, whereas HER2-positive tumors are candidates for targeted HER2 inhibitors. IHC also aids in distinguishing invasive ductal carcinoma from other subtypes and in differentiating primary breast cancers from metastatic lesions of non-breast origin. Emerging studies highlight the additional value of multiplex and digital IHC for resolving equivocal HER2 cases and reducing interpretative subjectivity.13
In neurology, fluorescence-based IHC has gained prominence in mapping disease-related proteins such as tau and amyloid-beta in Alzheimer’s disease, with confocal microscopy (an advanced imaging technique that uses focused laser light to produce high-resolution, three-dimensional images of specimens) providing spatial and quantitative insights into protein aggregation.9,10 Infectious disease pathology has also benefited, with IHC applied to detect specific viral and bacterial antigens in tissues, supporting diagnoses where conventional staining fails.16
Despite these advances, several challenges persist. Variability in staining outcomes due to pre-analytical factors (fixation time, antigen retrieval conditions) remains a critical limitation.7 Fluorescence-based IHC, though powerful, continues to be constrained by photobleaching and the requirement for specialized microscopy. Multiplex assays, while highly informative, are often expensive and technically complex, limiting their accessibility in low-resource settings.10
Table 1. Summary of Key Findings in Immunohistochemistry (2015-2025)
	Author(s), Year
	Focus of Study
	Marker(s)/Proteins
	Method(s) Used
	Key Findings

	Magaki et al.,13
	Diagnostic applications of IHC
	General tumor markers
	Enzyme-based IHC
	Reinforced IHC as essential for routine pathology, despite interpretative variability.

	Joe,5
	Multiplex IHC in oncology
	Tumor microenvironment markers
	Multiplex IHC
	Enabled simultaneous detection of 6+ markers, revealing immune-tumor interactions.

	Shi and Taylor,9
	Advances in antigen retrieval
	Tau, amyloid-beta
	Heat-induced antigen retrieval + IHC
	Improved staining reproducibility in neurodegenerative disease research.

	Stacket al.,7
	Standardization challenges
	Ki-67, HER2
	Automated IHC & digital analysis
	Identified variability in fixation and staining protocols as major reproducibility barriers.

	Schimanski et al.,8
	Digital IHC in oncology
	HER2, Ki-67
	Automated AI-driven IHC
	Demonstrated higher accuracy of AI-based scoring compared to manual interpretation.

	Salerno et al., 10



	AI and molecular integration
	Recombinant antibodies
	Multiplex + digital IHC
	Reported reduced cross-reactivity and improved quantitative analysis with AI.

	Mebratie, and Dagnaw,16
	Infectious disease pathology
	Viral & bacterial antigens
	IHC in FFPE tissues
	Showed IHC utility in confirming infections undetectable by H&E staining.





Table 2. Summary on the Application of Immunohistochemistry on the Human Body Systems
	System
	Key IHC Markers
	Applications
	Clinical Relevance

	Nervous
	GFAP, Synaptophysin, Chromogranin, Tau, @-synucein
	Identify Brain Tumor neurodegeneration
	Guides brain tumor classification to confirm Alzheimer’s

	Respiratory
	TTF 1, p40/p63, Chromogranin, Synaptophysin
	Differentiate lung adenocarcinoma
	TTF-positivity suggests primary lung adenocarcinoma

	Cardiovascular
	Desmin, Troponin, Myosin, CD31, CD34, Factor V111
	Detect myocardial injury, avascular tumors
	Angiosarcomas vs. benign vascular lesions

	Digestive (Liver, GI, Pancreas)
	HepPar-1, Arginase-1 CKT/CK20, MUC proteins, MLH1/MSH2
	Diagnose Mycanse tumor
	MSI testing predict response to immunotherapy

	Genitourinary
	PAX8, CD10, RCC Marker, PSA, AMR, GATA3
	Renal Cell Carcinoma, prostate cancer
	PSA guides prostate cancer monitoring

	Female Reproductive
	ER, PR, HER2, KI-67. WTI, PAX3, Vimentin
	ER/PR Eligibility for hormonal therapy
	ER/pros targeted therapy

	Male Reproductive
	PLAP OCT4, CD117
	Germ cell tumors, seminomas
	OCT4/PLAP Confirm germ cell origin

	Endocrine
Thyroid
	Thyroglobulin, TTF-1, GH, ACTH, PRL, Inhibin, Melan-A, Chromogranin
	Thyroid Pituitary adrenal tumors
	Hormone specific stains classify functional adenomas

	Musculoskeletal
	Desmin, Myogenin, S-100, SOX10, CD34, SATB2
	Soft tissue sarcomere nerve sheath tumors, osteosarcoma
	Soft tissue sarcomas for prognosis and therapy





DISCUSSION
Immunohistochemistry (IHC) is one of the most transformative techniques in pathology and biomedical research, offering the ability to localize specific antigens within tissue while maintaining histological form. The findings from this review highlight the history of IHC as well as the advances in methodology, applications, and challenges that shape its current and future use.
Historically, the foundation of immunohistochemistry can be traced back to Emil von Behring and ShibasaburoKitasato in the 1890s, who demonstrated the therapeutic use of serum antibodies in diphtheria and tetanus treatment pioneering the principle of antibody-based therapies. Their work, which drastically reduced mortality from diphtheria, laid the conceptual groundwork for antibody-antigen specificity in medicine.14,11The advent of antigen retrieval in the early 1990s further transformed the field by restoring epitope accessibility in tissues, greatly enhancing the sensitivity and reproducibility of staining.4 Together, these innovations highlight the deep historical and translational roots of immunohistochemistry, linking early immunological discoveries with today’s diagnostic and research practices.
This review further underscores that the methodological principles of immunohistochemistry, particularly antibody-antigen binding and detection systems remain central to its effectiveness. The comparison between direct and indirect immunohistochemistry highlights the stability between simplicity and sensitivity: while direct labeling reduces background and procedural complexity, indirect methods achieve greater amplification and are therefore the mainstay of diagnostic laboratories.3 Enzyme systems provide permanent, archivable stains suited to clinical pathology, whereas fluorescence enables multiplexing and high-resolution imaging essential in neuroscience and cancer research.6 These methodological refinements affirm that immunohistochemistry is not a static technique but a continually evolving technique adaptable to both routine diagnostics and cutting-edge research.
The results from this review also highlight significant recent advances, particularly in multiplex immunohistochemistry (mIHC), automation, and digital integration. Multiplex IHC allows simultaneous visualization of multiple biomarkers in a single tissue section, offering deeper insights into tumor microenvironments and cellular interactions. This represents a major step forward from traditional single-marker staining, aligning with the current movement toward precision oncology.5,8 Similarly, automation and artificial intelligence (AI)-based digital analysis enhance reproducibility and reduce observer variability, which has historically been a limitation of immunohistochemistry. Automated systems not only improve workflow efficiency but also allow for quantitative interpretation, an important advancement in fields such as breast cancer prognosis where biomarkers like Ki-67 must be accurately measured.7
Beyond organ-specific cancers and infectious diseases, immunohistochemistry also provides valuable diagnostic information when examined on the basis of physiological systems. In the nervous system, markers such as glial fibrillary acidic protein (GFAP) and synaptophysin are routinely applied to identify glial and neuronal lineages, respectively, assisting in the diagnosis of gliomas, astrocytomas, and neuroendocrine tumors.3 Fluorescence-based IHC targeting tau and amyloid-beta has become central to studying and diagnosing Alzheimer’s disease, while α-synuclein staining is key in Parkinson’s disease pathology.9 In the respiratory system, markers such as thyroid transcription factor-1 (TTF-1) and Napsin A are widely used to diagnose pulmonary adenocarcinomas, while p40 and cytokeratin 5/6 help distinguish squamous cell carcinoma of the lung.16 These system-based applications underscore the versatility of IHC as a diagnostic platform that adapts to the unique biological signatures of each tissue type, thereby strengthening its role in precision medicine.
In the respiratory system, immunohistochemistry plays a pivotal role in the differential diagnosis of lung cancers, which are among the most heterogeneous and clinically challenging malignancies. Two of the most widely used markers, thyroid transcription factor-1 (TTF-1) and Napsin A, are strongly expressed in pulmonary adenocarcinomas. TTF-1 is a nuclear marker that confirms lung origin in poorly differentiated tumors, while Napsin A is a cytoplasmic marker involved in surfactant protein processing, and its positivity provides further specificity for adenocarcinoma diagnosis.16 In contrast, squamous cell carcinomas of the lung typically express p40 and cytokeratin 5/6, both cytoplasmic markers that reliably distinguish squamous lineage from glandular differentiation. This immunoprofile is especially valuable when pathologists are faced with small biopsies or poorly differentiated tumors where morphology alone is insufficient.
The clinical and research relevance of immunohistochemistry is strongly reinforced by its wide applicability across oncology, neurology, and infectious disease pathology. In oncology, immunopanels facilitate not only the differentiation of tumor types but also the prediction of therapeutic responsiveness. In neuroscience, fluorescence-based immunohistochemistry continues to enable high-resolution mapping of protein expression patterns, providing insights into neurodegenerative diseases. Infectious pathology also benefits significantly, with IHC applied to detect pathogen-specific antigens in tissue, thereby confirming diagnoses that may be inconclusive on hematoxylin and eosin (H&E) staining alone.16 
Despite these strengths, the findings also emphasize the limitations and challenges inherent in IHC. Variability in staining, subjective interpretation, and dependence on pre-analytical variables such as fixation and antigen retrieval conditions remain critical concerns. Fluorescence-based detection, although powerful, is hindered by photobleaching and requires expensive imaging equipment. Additionally, while multiplex IHC offers unprecedented depth, it introduces complexity in staining protocols and image analysis, raising issues of cost and accessibility. These limitations underscore the importance of integrating IHC with complementary molecular and digital techniques, such as next-generation sequencing and machine learning, to enhance reliability and clinical utility.10


Conclusion
This review makes several important contributions to the existing body of knowledge on immunohistochemistry (IHC). By tracing its historical development from the pioneering work of von Behring, Heidelberger, and Coons to contemporary applications, the review provides a coherent understanding of how scientific innovations in immunology and pathology converged to create one of the most powerful diagnostic tools in modern medicine. Situating current practice within this historical line allows for a deeper appreciation of IHC as both a methodological and translational breakthrough.
Also, the review contributes to knowledge by examining the limitations and challenges of immunohistochemistry, including interpretative variability, technical complexity, and the need for standardization across laboratories. By addressing these challenges alongside technological advances, the review identifies key areas where future research and clinical practice should be focused particularly in integrating immunohistochemistry with molecular pathology, digital workflows, and precision medicine frameworks.
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