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Introduction

Granulomatous inflammation represents a specialized form of
chronic inflammation that arises in response to persistent pathogens
or foreign materials the immune system cannot readily eliminate;
it is characterized by the formation of organized cellular aggregates
known as granulomas. Among the most extensively studied causes
of granulomatous inflammation is Mycobacterium tuberculosis (M.
tuberculosis), the etiological agent of tuberculosis, which has served as
a model organism for understanding the complex dynamics of host-
pathogen interactions within granulomatous lesions [1]. Granulomas
are not merely passive markers of infection but are actively involved
in modulating disease outcomes; they form through the recruitment
and activation of macrophages, which differentiate into epithelioid cells
and multinucleated giant cells under the influence of T lymphocytes
and pro-inflammatory cytokines such as IFN-y and TNF-a. This
containment strategy, while essential for preventing pathogen
dissemination, can also provide a niche for microbial persistence
and immune escape, resulting in long-standing infections and host
tissue damage [2]. Although tuberculosis remains the prototypical
granulomatous disease, a wide range of infectious agents—including
fungi (Histoplasma capsulatum), parasites (Schistosoma spp.), and
certain bacteria (Brucella spp., Treponema pallidum)—are also capable
of eliciting granulomatous responses. Each pathogen interacts uniquely
with the host immune system, leading to diverse granuloma structures,
cellular compositions, and pathological outcomes. Understanding the
molecular and cellular basis of granuloma formation across different
infectious contexts is vital for improving diagnostics, vaccine strategies,
and targeted therapies [3]. This review explores the mechanisms by
which pathogens induce and manipulate granulomatous inflammation,
with a focus on the immune processes driving granuloma development
and persistence. By comparing insights from M. tuberculosis and other
granuloma-inducing organisms, we aim to elucidate the shared and
distinct features of this critical immunopathological response [4].

Discussion

Granulomatous inflammation embodies the intricate and dynamic
interaction between host defense mechanisms and pathogens that
resist elimination; it reflects both the resilience of the immune system
and the adaptability of microbes capable of surviving within hostile
environments. Mycobacterium tuberculosis serves as the archetype for
understanding granuloma biology, wherein its ability to persist within
macrophages initiates a prolonged immune response that organizes
into granulomatous structures [5]. The formation of a granuloma
begins with the recognition of pathogen-associated molecular patterns
(PAMPs) by innate immune cells, leading to macrophage activation
and the recruitment of additional immune cells such as T lymphocytes,

dendritic cells, and fibroblasts. Under the influence of cytokines like
IFN-y, TNF-q, and IL-12, macrophages undergo transformation into
epithelioid cells and fuse to form multinucleated giant cells; these
structures collectively wall off the pathogen, forming a granuloma
core surrounded by a lymphocyte-rich periphery. In tuberculosis, this
immune containment strategy paradoxically enables latent infection,
with bacilli persisting for years within caseating granulomas [6].

Other infectious agents also provoke granulomatous responses,
albeit with differing immunological signatures. For example,
Histoplasma capsulatum induces granulomas that are histologically
similar to tuberculosis, yet often exhibit more extensive necrosis and
involve a broader Th17-mediated immune response. Parasitic infections
such as schistosomiasis trigger granulomas as a reaction to parasite eggs,
primarily mediated by Th2 responses involving IL-4 and IL-13, leading
to fibrosis and long-term tissue remodeling [7]. The diversity in cytokine
milieu across these infections demonstrates the spectrum of immune
pathways that can lead to granuloma formation and underscores the
importance of pathogen-specific host responses. Pathogens have also
evolved strategies to manipulate the granulomatous microenvironment
to their advantage. M. tuberculosis interferes with antigen presentation,
inhibits phagolysosome fusion, and modulates host cytokine signaling
to create a permissive intracellular niche. Similarly, certain fungal
pathogens can suppress host immune responses through secretion of
immunomodulatory molecules, enabling prolonged survival within
granulomas [8].

From a clinical perspective, granulomatous inflammation poses
both diagnostic and therapeutic challenges. Histopathological
similarities between infectious and non-infectious granulomas (e.g.,
sarcoidosis, Crohn’s disease) can lead to diagnostic ambiguity. Moreover,
while granulomas may represent a successful containment strategy,
they often contribute to disease pathology through tissue destruction,
fibrosis, and organ dysfunction. As such, therapeutic approaches
must carefully balance pathogen elimination with the preservation
of host tissue integrity. Recent advances in transcriptomic profiling,
single-cell sequencing, and imaging technologies have enhanced our
understanding of granuloma heterogeneity and cellular composition;
these tools offer new insights into the spatial and temporal dynamics of
granuloma development and identify potential targets for intervention
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[9]. For instance, modulation of TNF-a signaling has shown both
promise and peril in managing granulomatous diseases, particularly
in individuals receiving TNF inhibitors who are at increased risk for
tuberculosis reactivation. In sum, granulomatous inflammation is a
multifaceted immune response shaped by the nature of the pathogen,
host genetics, and the tissue microenvironment; deciphering these
interactions offers valuable opportunities for improving disease
management, from early detection to targeted immunotherapies [10].

Conclusion

Granulomatous inflammation remains a defining feature of
several chronic infectious diseases, representing the immune system’s
complex attempt to control persistent pathogens while minimizing
collateral damage to host tissues. Through the lens of Mycobacterium
tuberculosis, we gain profound insights into the mechanisms of
granuloma formation, maintenance, and potential failure, offering
a blueprint for understanding similar processes in fungal, parasitic,
and bacterial infections. This review underscores the dual nature
of granulomas—as structures of containment and sites of immune
evasion—and highlights the diversity of host-pathogen interactions
that influence their evolution. Pathogen-specific immune responses,
particularly the balance between pro-inflammatory and regulatory
cytokines, dictate granuloma architecture and functionality. Moreover,
microbial strategies that manipulate the granulomatous environment
challenge traditional views of immunity and call for more nuanced
approaches to therapy. Advances in immunological profiling and
imaging technologies are beginning to unravel the cellular complexity
of granulomas, paving the way for precision diagnostics and targeted
interventions. Moving forward, an integrated understanding of
granulomatous responses across various infectious contexts will be
essential for developing novel therapeutics, improving vaccine design,
and managing diseases characterized by chronic inflammation.

Ultimately, decoding the interplay between host defenses and persistent
pathogens within granulomas will enhance our ability to predict disease
progression, tailor treatments, and strengthen global public health
responses to re-emerging and recalcitrant infections.
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