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The role of transcription factor Krüppel-like factor 4 (KLF4) in the modulation of myeloid cells is well known. KLF4 is involved in the differentiation and polarization of monocytes and macrophages as part of the immune response after infection, in wound healing, and in cancer. In addition, KLF4 is essential in stem cell reprogramming and the phenomenon of trained immunity – a form of innate immune memory marked by epigenetic and metabolic reprogramming. A novel and underexplored dimension of KLF4 biology lies in its alternative splicing (AS), which generates distinct isoforms that may drive the transcription factor’s functions, depending on specific cellular environments, disease states, or signaling programs. This review presents current knowledge of KLF4 splicing in myeloid cells and explores novel connections for how KLF4 isoform diversity may contribute to cellular plasticity and differential immune responses of myeloid cells across physiological and pathological conditions.
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1 Introduction

The discovery that innate immune cells can exhibit memory-like behavior, once thought exclusive to the adaptive immune system, has reshaped fundamental assumptions in immunology (1, 2). This phenomenon, known as trained immunity, is driven not by genetic rearrangement of lymphoid cells but by transcriptional and epigenetic reprogramming of myeloid cells (3). While the transcription factor Krüppel-like factor 4 (KLF4) is known to regulate these processes (4, 5), an emerging and underappreciated layer of complexity lies in its alternative splicing (AS) (6). This review explores how distinct KLF4 isoforms, generated through context-specific splicing events, may act as molecular switches modulating myeloid plasticity and trained immunity with far-reaching implications for inflammation, cancer, and regenerative medicine.



1.1 Krüppel-like factor family and KLF4 biology

Myeloid cells are a heterogeneous group of hematopoietic cells that play essential roles in innate and adaptive immune responses. Myeloid-progenitor cells are produced from hematopoietic stem cells (HSCs) in the bone marrow and then differentiate through complex gene-regulatory mechanisms into myeloid-linage cells such as monocytes, macrophages, dendritic cells, and neutrophils, among others (7). These cells can directly detect pathogens and eliminate them in a non-specific manner, but also play key roles in initiating the adaptive arm of the immune system’s response.

The Krüppel-like factor (KLF) family is a highly conserved group of transcription factors containing zinc finger domains, allowing them to bind GC-rich regions of promoter and enhancer elements of the genes they regulate. There are seventeen known mammalian KLFs, essential in a wide range of biological mechanisms, including proliferation, differentiation, development, cellular responses, and normal tissue homeostasis (4, 5). KLFs are known to have essential roles in hematopoiesis, with KLF4 identified as having a pivotal role in myelopoiesis and a key factor in monocyte differentiation (8).




1.2 KLF4 in stemness and reprogramming

KLF4 regulates many cellular processes and can act as a transcriptional activator or repressor of many target genes. KLF4 is essential for survival, as KLF4-null mice die shortly after birth due to dehydration from the loss of the barrier function of the skin (9). The interesting dichotomy of KLF4 is that it plays essential roles in cellular differentiation and cell cycle regulation, such that dysregulation results in impaired terminal differentiation or uncontrolled cellular proliferation (6). Together with OCT4, SOX2, and MYC, KLF4 makes up the Yamanaka factors (10), which allow for the direct reprogramming of somatic cells to a pluripotent state, demonstrating KLF4’s importance for cellular plasticity. To that end, KLF4 is critical in the differentiation, polarization, and function of myeloid cells, including monocyte responses to environmental factors (8), thereby impacting innate immune memory.




1.3 KLF4 is implicated in trained immunity

Traditionally, the immune system has been divided into an innate arm, composed of cells that are rapidly activated by non-specific pathogen- and damage-associated patterns, and an adaptive arm, which recognizes specific targets of pathogens and forms a slow response but long-lasting immune memory, allowing for rapid response to repeated stimuli. Until recently, immune memory was thought to be solely a function of adaptive immune responses. Recent work has challenged this dogma and demonstrated that innate immune cells could mediate adaptive characteristics and has since been termed ‘trained immunity’ (1, 2, 11). Trained immunity is mediated by the epigenetic reprogramming of transcriptional pathways in myeloid cells, in contrast to genetic recombination in adaptive lymphocytic immune cells (3). The KLF4 master regulator has been implicated in this transcriptional reprogramming of myeloid cells to induce trained immunity in response to infection (12).




1.4 AS of KLF4 produces functionally distinct isoforms

Eukaryotic gene regulation occurs at multiple levels, including transcription of RNA from DNA, processing of primary transcripts to mature mRNA, translocation of mRNA from the nucleus to the cytoplasm, and translation of those mRNAs into proteins. Different mRNA transcripts from one single protein-coding gene have been identified due to the advancement of long-read sequencing technology. These RNA transcripts are produced through AS of the pre-mRNA of the protein-coding gene, which effectively diversifies genome complexity (13). AS of KLF4 pre-mRNA has been reported in pancreatic cancer, generating five different intron-skipping isoforms (14). One of the isoforms, KLF4α, which lacks the KLF4 exon 3 sequences, antagonizes the function of full-length KLF4 in breast cancer and pancreatic cancer (14, 15). In addition to intron-skipping isoforms, an intron-retaining isoform KLF4a, retaining a 102-bp in-frame intronic region between exons 3 and 4 of the coding sequences of the human KLF4 gene, was identified in immune cells (16, 17). The unique function of the KLF4a isoform is unknown (Figure 1). It is proposed that AS of KLF4 pre-mRNA mediates its context-dependent functions (6).




Figure 1 | Structures of human KLF4 gene and major isoforms due to AS. (A) KLF4 gene structure. The orange boxes represent five exons and the lines between orange boxes represent introns. (B) AS of KLF4 pre-mRNA generates three major isoforms including the full length KLF4, shorter KLF4α with exon 3 skipping, and longer KLF4a with intron retained between exon 3 and exon 4 (green box).



Despite growing recognition of KLF4’s importance in immune regulation and myeloid reprogramming, little is known about the specific roles of its alternatively spliced isoforms. Key questions remain unanswered: How are these isoforms differentially expressed across tissues and physiological conditions? Do they exert opposing or synergistic functions, and in what contexts? How do they contribute to cellular plasticity in health and pathological states? These gaps are significant because different KLF4 isoforms may underlie its paradoxical roles as both tumor suppressor and oncogene, as well as its dual influence on inflammatory and anti-inflammatory myeloid phenotypes. Clarifying these functional differences is essential not only for mechanistic understanding but also for resolving current contradictions in the field and improving the specificity of therapeutic strategies that target KLF4.

Here, this review will explore the role of KLF4 in myeloid cell biology to provide the foundation of its activities in monocyte and macrophage differentiation, the signaling pathways involved, and the epigenetic modification mediated by KLF4. Moreover, we will present the implications of KLF4 regulation of myeloid cells in infection, wound healing, and cancer, and delve into the potential of KLF4 as a regulator in trained immunity.

Finally, we will propose how AS of KLF4 pre-mRNA may influence the function of myeloid cells. Full-length KLF4 is known to influence chromatin accessibility by binding to methylated enhancer elements and recruiting histone-modifying enzymes and remodeling complexes, shaping transcriptional programs (18). However, it remains unclear how alternatively spliced isoforms alter these interactions or rewire epigenetic landscapes. Given that the KLF4α lacks the DNA binding domain, this isoform may have diminished capacity for epigenetic reprogramming.

As trained immunity is driven by sustained changes in chromatin accessibility, elucidating how specific KLF4 isoforms participate in or disrupt these epigenetic programs is essential to understanding their role in innate immune memory and cellular plasticity. Understanding the connection of KLF4 isoforms to cellular plasticity and its role in mediating immunological memory in innate immune cells may have significant therapeutic implications in immune-related disorders and cancer.





2 KLF4 in myeloid cell biology

KLF4’s role in the myeloid lineage is essential for numerous functions, such as differentiation, polarization, and responses to biological stressors, including immune responses to infection, wound healing, and cancer. Myeloid cells are environmental sensors, and their plasticity is regulated by their microenvironment (19). For example, within the tumor microenvironment, factors such as hypoxia, ER stress, exosomes, and tumor-derived signaling molecules like granulocyte-macrophage colony-stimulating factor (GM-CSF) and vascular endothelial growth factor (VEGF) contribute to myeloid plasticity (20). KLF4 is crucial for monocyte differentiation from myeloid progenitor cells (8). Monocytes are phagocytic cells of innate immunity, engulfing pathogens and, in turn, secreting signaling molecules to initiate an inflammatory cascade and attract other immune cells to the site of infection or damage. KLF4 is highly expressed in monocytes and binds to the monocyte-specific CD14 promoter. It was found to be expressed in a stage-specific manner during myelopoiesis as knockout of KLF4 impeded the formation of mature monocytes and increased the population of granulocytes (8).

In addition to its essential role in monocyte development, KLF4 regulates the differentiation of monocytes into macrophages and modulates the transcriptional regulation of macrophage polarization, a process by which macrophages display their plasticity to adapt and execute different roles in response to environmental signals such as cytokine exposure (21). Macrophages are essential players in immune responses and exhibit functional plasticity, broadly classified into M1 (pro-inflammatory) and M2 (anti-inflammatory) phenotypes in which macrophages adopt different functional programs in response to signals from their surroundings. However, this binary model is now considered to be oversimplified. Recent studies suggest that macrophages can show a plethora of phenotypes, with plasticity allowing them to adopt functional characteristics of both M1, proinflammatory, and M2, anti-inflammatory mediators, based on the microenvironment (22). The mechanisms of this cellular plasticity are an ongoing area of study.

M1 macrophages are critical for the elimination of pathogens. However, their activity must be regulated so as not to result in chronic inflammation. KLF4 was found to be differentially expressed in macrophages after exposure to M1 or M2 stimuli. After bacterial endotoxin lipopolysaccharide (LPS) treatment (M1 stimulant), KLF4 is transiently increased, followed by significant downregulation (22). M2 macrophages are the counterbalance to M1s as they are involved in the resolution of inflammation. Macrophages stimulated with M2 factors IL-4 or IL-13 were found to have a sustained increase in KLF4 expression (22). KLF4 promotes the differentiation of macrophages towards the M2 phenotype by elevating levels of anti-inflammatory cytokines and factors that support tissue repair.

KLF4 suppresses M1 macrophage activation, at least in part, by sequestering coactivators necessary for NF-κB activation (22). For example, in the heart, KLF4 suppresses M1 polarization in tissue-resident macrophages, thereby reducing cardiac inflammation and atherosclerosis (23). However, studies suggest that KLF4 may also promote M1 polarization via activation of the STAT1 pathway. Overexpression of KLF4 in macrophages increased M1 markers TNF-α, IL-6, and IL-1β (24). Epigenetic modifications have also been shown to influence KLF4 activity. Posttranscriptional SUMOylation of KLF4 modulates its transcriptional activity and de-SUMOylation of KLF4 by the SENP1 protease enhances proinflammatory gene expression after LPS stimulation (25).

Conversely, upon stimulation with M2-associated cytokines such as IL-4, KLF4 expression is upregulated in macrophages and, through STAT6 signaling, induces M2-specific genes, including those involved with lipid metabolism, and the subsequent phenotypic polarization toward an anti-inflammatory M2 phenotype. KLF4 also suppresses the glycolytic pathway in M2 macrophages. KLF4-deficient macrophages have increased glucose uptake, indicating increased glycolysis, a feature of M1 macrophages (22). Thus, KLF4 regulates the metabolic reprogramming of macrophages and response to cytokines and environmental signals to mediate macrophage polarization.

The opposing effects of KLF4 in M1 versus M2 macrophage polarization (Table 1) raise the possibility that AS of KLF4 and the resulting distinct isoforms may mediate these divergent outcomes. For example, the full-length nuclear KLF4 may promote M2 polarization through transcriptional activation of anti-inflammatory genes, while cytoplasmic isoforms such as KLF4α, which lack the DNA-binding domain, may fail to repress NF-κB therefore contributing to proinflammatory M1 phenotypes. Additionally, recent studies using single-cell analysis have revealed distinct monocyte subsets, including classical, intermediate, and non-classical, among others, with differential inflammatory potential (26). It is currently unknown whether KLF4 isoforms have a role in this monocyte heterogeneity.


Table 1 | Summary of KLF4’s Role in M1 and M2 macrophage polarization.



Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of immature myeloid cells that act as suppressors of immune responses and proliferate during pathologic states such as infection, inflammation, and cancer. In cancer, MDSCs are robust inhibitors of anti-tumor immune responses of T- and NK-effector cells. Additionally, MDSCs are involved in tumor angiogenesis, tumor invasion, and the development of pre-metastatic niches to promote cancer metastasis (27). Studies have demonstrated that KLF4 promotes the differentiation of MDSCs into fibrocytes, which are involved in tissue repair and fibrosis (28, 29). This differentiation process is crucial in the tumor microenvironment, where MDSCs contribute to immunosuppression and tumor progression. Regulation of the plasticity of myeloid cells by KLF4 between MDSCs and fibrocytes was also shown in an inflammatory response in the airway of a mouse model (30).

Given KLF4’s established role in guiding the differentiation of MDSCs into fibrocytes, it is plausible that this transition is mediated by specific KLF4 isoforms rather than the full-length protein alone. However, the transcriptional circuits through which KLF4 promotes MDSC-to-fibrocyte differentiation remain poorly understood. This is particularly significant as MDSCs are known to undergo extensive epigenetic reprogramming in response to tumor-derived signals (31), suggesting that KLF4’s activity in this context is likely modulated by chromatin accessibility and histone modifications. Full-length KLF4 may initiate this transition through canonical transcriptional activation, while alternative isoforms such as KLF4a or KLF4α may modulate chromatin structure or interact with noncanonical cofactors to alter fibrocytic fate determination. The interplay between KLF4 isoforms and chromatin-modifying enzymes within MDSCs warrants deeper investigation and may uncover new mechanisms of immune plasticity relevant to wound repair, fibrosis, and tumor progression.

These observations of KLF4’s role in myeloid cell biology raise broader questions about how KLF4 isoforms regulate transcriptional outcomes in diverse myeloid contexts. Despite compelling evidence that KLF4 plays a regulatory role in myeloid plasticity, the specific downstream transcriptional targets, the functional relevance of distinct KLF4 isoforms, and their integration within the broader chromatin architecture remain largely undefined. Most studies to date have focused on full-length KLF4 without dissecting the contributions of AS-derived isoforms to myeloid fate decisions. Furthermore, how KLF4 activity is coordinated with other lineage-determining transcription factors remains unclear. Given that PU.1 is a master regulator of myeloid lineage specification and chromatin priming (32, 33), it is plausible that KLF4 functions within the PU.1 pathway in a cell-type- and isoform-specific manner. Elucidation of whether KLF4 collaborates with or counterbalances PU.1 or other master myeloid regulators, and how these interactions are modulated by specific isoforms and epigenetic mechanisms, will be essential for clarifying the transcriptional programs of myeloid plasticity. Future studies should aim to map the isoform-specific binding partners and chromatin landscapes associated with KLF4 activity to resolve these outstanding questions.




3 KLF4 in innate immune memory



3.1 Mechanistic basis of trained immunity

The traditional dogma of immunology breaks the immune system into two arms: innate and adaptive. The innate arm responds quickly to signals from pathogens, pathogen-associated molecular patterns (PAMPS), such as bacterial or viral proteins and nucleic acids, or molecules released from dead or damaged cells, damage-associated molecular patterns (DAMPS), such as adenosine triphosphate (ATP) or high mobility group box 1 (HMGB1) (34). These innate responses were long considered nonspecific and incapable of forming immune memory, a role traditionally reserved for the adaptive arm of the immune system, as these cells undergo genetic rearrangement, allowing them to adapt to specific target signals and the development of long-lasting memory responses. However, this canonical understanding of immune memory has been challenged in recent years by the revelation that innate immune cells have enhanced immunological responses to secondary challenges, which occur through epigenetic and metabolic reprogramming of progenitor cells (35). While not as prolonged as adaptive immune memory, which can last for decades, innate immune memory can produce enhanced responses to secondary stimulation for up to 1 year (36), which is defined as trained immunity. It can be induced by β-glucan, a component of fungal and yeast cell walls (37), and a recent study investigating β-glucan induction of angiogenesis in human umbilical vein endothelial cells (HUVECs) demonstrated enhanced myocyte enhancer factor 2 (MEF2) transcriptional activity, which resulted in increased KLF4 expression (38).

Innate immune memory is driven by durable epigenetic remodeling, including histone modifications and chromatin accessibility changes that prime myeloid cells for enhanced responses to secondary stimuli (39, 40). KLF4 is well-positioned within this axis, as it is known to interact with key chromatin modifiers such as p300/CBP (histone acetyltransferases) (41), histone deacetylases (HDACS) (42, 43), and components of the SWI/SNF chromatin remodeling complex (44, 45). These interactions are essential during induced pluripotent stem cell (iPSC) reprogramming, where KLF4 helps establish permissive chromatin states at lineage-defining loci (46). Given this precedent, it is plausible that KLF4 performs a similar function during trained immunity by recruiting these epigenetic modifiers to inflammatory gene enhancers, facilitating chromatin looping and deposition of activating marks such as H3K27ac (18). This model suggests that KLF4 not only initiates transcriptional programs in response to training stimuli like β-glucan but also stabilizes them through chromatin remodeling. In addition, KLF4 is itself epigenetically modulated, a potential mechanism as a context-dependent tumor suppressor (47), adding another layer of complexity to KLF4 in epigenetic regulation. Further investigation is needed to determine whether KLF4 isoforms differentially influence epigenetic alterations and how such variation may contribute to the persistence and specificity of innate immune memory.




3.2 KLF4 in alveolar macrophage training

A direct link between KLF4 and trained immunity has been demonstrated by Chakraborty et al. They demonstrated that during infection with Pseudomonas aeruginosa, tissue-resident alveolar macrophages undergo KLF4-mediated transcriptional reprogramming, which confers a pro-efferocytosis phenotype (the phagocytic removal of dead or apoptotic cells) by upregulating MERTK (12). When these trained alveolar macrophages are transferred into naïve mice, they confer protection and prevent severe disease. Importantly, KLF4 is essential for MERTK upregulation and phenotypic shift in these tissue-resident macrophages, as when KLF4 was depleted, efferocytosis of cellular debris was markedly reduced. Additionally, the number of alveolar macrophages was increased after repeated pathogen exposure in a trained immunity model. It was found that this increase was not due to enhanced proliferation but a reduction in apoptosis, providing a potential link between reduced apoptosis and trained immunity (12). KLF4 negatively regulates p53 expression (48), which may contribute to enhanced macrophage survival during repeated pathogen exposures.




3.3 KLF4 and monocyte exhaustion

It has also been demonstrated that KLF4 is upregulated in the development of exhausted memory monocytes (49). In this study, the repetitive challenge of primary mouse monocytes with high doses of LPS skews monocytes into the classically exhausted Ly6Chigh population and depletes the homeostatic non-classical Ly6Clow population. This exhaustion mirrors the monocyte dysfunction seen in sepsis, where immune paralysis leads to secondary infections and poor long-term outcomes. This persistence of dysfunctional responsiveness mimics a maladaptive form of immune memory and has been linked to innate exhaustion. Mechanistically, high doses of LPS robustly activate STAT1, which is dependent on the TRAM adaptor of the TLR4 pathway, and KLF4 is directly regulated by STAT1 in this setting. In addition, in line with the involvement of KLF4 in metabolic pathways discussed earlier in this paper, the generation of exhausted memory monocytes is associated with a drastic depletion of NAD+, elevation of ROS, and compromise of mitochondrial respiration.




3.4 Extension to lymphoid cells: ILC1s and beyond

In addition to the concept of trained immunity in the myeloid lineage, recent studies have shown that innate immune cells of the lymphoid lineage, termed innate lymphoid cells (ILCs), which include conventional natural killer (NK) cells (50, 51) mediate long-term memory-like responses (52). A recent study from Cheng et al. demonstrates that RAR-related orphan receptor alpha (RORα) is essential for the memory function of ILC1 and that several transcription factors, including KLF4, were upregulated in ILC1s with RORα-knockout (53). Because KLF4 is known to inhibit the proliferation of CD8+ T-lymphocytes (54) KLF4 may be implicated in the suppression of ILCs. Together, these findings suggest that KLF4 may function as a molecular bridge between innate training and adaptive conditioning. Future studies should explore its role in the monocyte-to-dendritic cell transition and its capacity to shape T cell responses through modulation of antigen presentation and cytokine expression profiles.

As KLF4 is also a known regulator of metabolic processes of cells that are altered during trained immunity, the importance of this transcription factor in this complex form of immune memory should be further explored. It remains unresolved how KLF4 integrates with canonical trained immunity mediators such as H3K4me3, fumarate, or mevalonate pathways. Moreover, whether KLF4 itself is epigenetically regulated during immune priming, as in tumor development, or if it directly recruits chromatin-modifying complexes warrants further mechanistic investigation.

While current evidence implicates full-length KLF4 in the transcriptional reprogramming of myeloid cells during trained immunity, it remains unclear whether alternative isoforms such as KLF4α and KLF4a contribute to the differential effector functions observed in this process. These isoforms differ significantly in their structural domains—KLF4α lacks the nuclear localization signal and DNA-binding domain, while KLF4a retains an intronic sequence that may influence protein interactions or stability, raising the possibility that they modulate immune memory through noncanonical mechanisms. Their subcellular localization and binding profiles could affect the transcriptional landscape differently from full-length KLF4, potentially influencing cytokine production, metabolic remodeling, or survival pathways during innate memory formation. Future studies should aim to determine whether these isoforms are expressed or functionally engaged in established models of trained immunity, such as β-glucan-induced or LPS-trained monocytes, to clarify whether isoform-specific roles underlie the context-dependent features of KLF4 in innate immune adaptation.





4 AS of KLF4 pre-mRNA and its implication

AS converts a pre-mRNA molecule into several mature mRNAs that can be translated into different proteins (55, 56). It is one of three major processing steps in eukaryotic mRNA maturation, including the 5’ capping by adding methylated GTP to the first transcribed nucleotide, 3’ poly-A tailing, and intron removal by splicing. AS is a major contributor to both protein diversity and control of gene expression levels, and it is a highly regulated process. AS is regulated at three interdependent levels: (i) RNA, via cis-regulatory elements and trans-acting factors; (ii) transcription, where RNA Polymerase II influences splice site choice; and (iii) epigenetics, where chromatin modifications affect spliceosome recruitment and activity. There is an intertwined relationship between these three levels of regulation, and likely with reciprocal feedback (13). In addition, AS in the immune system and tumor cells links to the events that can lead to AS dysregulation in tumors (57).

KLF4 has multiple roles in physiology and pathophysiology (5, 58–60). AS of KLF4 pre-RNA has been reported in mice and humans. For example, different KLF4 mRNA species have been reported in testis (61) and embryonic stem cells (62), leading to the generation of various exon-skipping KLF4 isoforms in mice. In humans, six different KLF4 splicing isoforms are reported in breast cancer, including full-length KLF4 and five other intron-skipping isoforms. It is proposed that the context-dependent functions of KLF4 are likely due to the generation of different KLF4 isoforms by AS of KLF4 pre-mRNA (6, 63) (Table 2). This is supported by an observation that the KLF4α isoform lacking the KLF4 exon 3 sequences antagonizes the function of full-length KLF4 in breast cancer and pancreatic cancer (14, 15). Lacking exon 3 in KLF4α causes the deletion of the nuclear localization signal and zinc-finger DNA binding domain, which causes KLF4α cytoplasmic sequestration in comparison to full-length KLF4, which is primarily found in the nucleus, as is expected of nuclear transcription factors. KLF4α has also been identified in normal tissues, suggesting that it is not specific to pathological contexts (15). Interestingly, there is a longer intron-retaining human KLF4 isoform, hKLF4a, identified independently by two groups from myeloid cells (17) and B-cell acute lymphoblastic leukemia samples (16). This isoform retains a 102 bp sequence between human KLF4 exons 3 and 4 that corresponds to an additional 34 amino acids in KLF4a protein. While classified as an intron-retaining isoform, the upstream regulatory elements and splicing control mechanisms for hKLF4a remain unknown. In addition, while intron-retaining KLF4 isoforms have not been reported in mice, a similar 116-bp sequence between mouse KLF4 exons 3 and 4, as the 102-bp sequence used by hKLF4a, was found. This suggests a mouse ortholog of hKLF4a isoform may exist, although the intron is not in-frame, perhaps indicating possible species-specific regulation.


Table 2 | KLF4α and KLF4a isoforms and their regulators and functions.



While the details of KLF4 AS in different contexts are unclear, there are reports of factors relevant to the spliceosome in regulating KLF4 splicing. In hepatocellular carcinoma, splicing factor 3B subunit 4 (SF3B4), a component of the spliceosome, facilitates the generation of KLF4 exon-skipping isoforms and contributes to the malignant transformation and growth of hepatocytes (64). Physical interaction between KLF4 and SF3B4 was independently confirmed (65). In addition, DEAD-box RNA helicase 21 (DDX21) was found in the large protein complex containing RNA splicing factors and promoted the splicing of several key pro-differentiation genes, including KLF4, during a screening of glucose-binding proteins (66). The importance of DDX proteins in regulating KLF4 splicing was also shown by its physical interactions with DDX17 in hepatocellular carcinoma (67) and with DDX3X in breast cancer cell cycle progression (68). However, in these studies with DDX proteins, the nature of AS, either intron-skipping or intron-retaining, of KLF4 pre-mRNA was not known (Table 3). On the other hand, studies of other factors in the large complex of the spliceosome, such as small nuclear RNA (snRNA), serine/arginine-rich proteins, and many other regulatory RNA-binding proteins, have not been conducted. Additionally, at the chromatin/epigenetic level, little is known about the role of specific chromatin modification enzymes and chromatin remodeling factors that are critical to the regulation of KLF4 AS in different contexts.


Table 3 | Regulators of KLF4 alternative splicing.



Despite the identification of multiple KLF4 isoforms, it remains unknown whether these variants exert divergent effects on immune reprogramming, such as promoting M2 polarization, sustaining efferocytosis, or modulating cytokine profiles in trained macrophages. Likewise, in breast cancer stem cells, differential nuclear localization of KLF4α could influence the plasticity of EMT/MET transitions. Future investigations utilizing long-read RNA sequencing, splice isoform-specific antibodies, or CRISPR-mediated isoform knockout may be necessary to dissect the role of individual KLF4 isoforms in immune cell plasticity and cancer stem cell behavior. Moreover, given that trained immunity is regulated by histone modifications (e.g., H3K4me1, H3K27ac), future studies should investigate whether isoform-specific splicing of KLF4 is modulated by chromatin state. The potential for bivalent chromatin at the KLF4 locus in stem-like immune or cancer cells is an intriguing but untested hypothesis.




5 KLF4 in wound healing and cancer



5.1 KLF4 in wound healing and tissue repair

KLF4 plays an essential role in maintaining skin barrier integrity and orchestrating wound re-epithelialization (9). For example, we previously reported a wound-healing model that suggests KLF4-expressing cells are derived from multipotent hair follicle stem cells (HFSCs), which migrate to the wound to promote healing. Upon ablation of KLF4 expression, the HFSC-enriched population was decreased, which led to a significant impairment of wound healing (69). KLF4 is also directly implicated in wound healing mechanisms through the KLF4-mediated differentiation of MDSCs into fibrocytes. Without KLF4, MDSC populations are reduced, which leads to the inability to form fibrocytes and thus causes a delay in wound healing (29). One mechanism by which KLF4 promotes wound healing through the differentiation of MDSCs is the suppression of Th17 CD4+ T cells. In a diabetic wound model, KLF4 activation increased MDSCs in the wound, decreasing the cytokines necessary for Th17 differentiation (70). These examples support KLF4’s role in enhancing wound healing through the modulation of inflammatory responses, supporting stem cell maintenance, and tissue regeneration.




5.2 KLF4 and tumor immune modulation via MDSCs

The interplay between KLF4 and myeloid cells is especially pertinent in the context of cancer, where KLF4’s role in modulating immune responses can influence tumor progression and metastasis. Depending on the context, KLF4 plays a dual role in cancer, functioning as a tumor suppressor or as an oncogene (63). KLF4 also promotes cancer development through its regulation of MDSC differentiation and function. We have previously demonstrated in a metastatic breast cancer model that KLF4 knockdown reduces granulocyte-macrophage colony-stimulating factor (GM-CSF), which is essential for MDSC development, through regulation of CXCL5, delaying tumor development. This suggests that KLF4 contributes to breast cancer tumorigenesis by regulating MDSC function (71). Likewise, knockout of KLF4 has been shown to reduce melanoma metastasis to the lung with concomitant reduction of MDSCs by reducing the development of MDSCs from fibrocytes through the regulation of fibroblast-specific protein-1 (FSP-1) (28). KLF4-driven fibrocyte differentiation also implicates this transcription factor in extracellular matrix remodeling and desmoplastic stroma formation, critical in tumor metastasis and drug resistance.




5.3 KLF4 in oncogenesis and cancer metabolism

KLF4 also acts as an oncogene. The overexpression of KLF4 has been implicated in the transformation of epithelium in the early development of head and neck squamous cell carcinoma (HNSCC) (72). Additionally, it is known that KLF4 negatively regulates the transcription of p53 and can, therefore, inhibit apoptosis (48). KFL4’s oncogenic potential is also linked to its metabolic regulation in breast cancer, which usually has high KLF4 expression. Moon et al. demonstrated that KLF4 binds the promoter of phosphofructokinase (PFKP) to activate glycolytic metabolism and proliferation of breast cancer cells (73). Conversely, the overexpression of KLF4 in colorectal cancer (74) and gastric cancer (75) has been shown to reduce tumorigenicity. In a cohort of patients with neuroblastoma, a rare cancer of immature nerve cells, low expression of KLF4 was associated with poor clinical outcomes. Moreover, the overexpression of KLF4 in a neuroblastoma cell line suppressed cellular proliferation by upregulating p21, a cell cycle inhibitor, and shifted the phenotype of the cell to become more epithelial-like and non-tumorigenic (76), further highlighting KLF4’s link to cellular plasticity. Given KLF4’s role in regulating glycolytic enzymes and mitochondrial integrity, its isoform-specific metabolic reprogramming may underlie both trained immunity in myeloid cells and the metabolic flexibility of cancer stem cells.

Research into KLF4’s complex role in tumorigenesis and pluripotency regulation is ongoing; however, it is clear that KLF4 has broad effects. One such study identified that KLF4 binds the promoter of human telomerase reverse transcriptase (hTERT), thereby activating telomerase, which is a hallmark of cancer. Knockdown of KLF4 in human HNSCC cell lines reduced hTERT expression and telomerase activity. Additionally, they found that in human embryonic stem cells (hESCs), KLF4 is essential for maintaining hTERT expression and a pluripotent phenotype (77). This mechanistic link to hTERT may partially explain KLF4’s role in maintaining pluripotency during iPSC reprogramming.




5.4 KLF4 and breast cancer stem cell plasticity

Breast cancer stem cells (BCSCs), a subpopulation of cancer cells that possess self-renewal properties and act as the seed of breast cancer, have been proposed as drivers of dormancy and relapse in breast cancer (78). Thus, it has long been thought that targeting BCSCs holds great promise in treating breast cancer recurrence (79, 80). However, recent observations of a high degree of plasticity intrinsic to BCSCs pose a serious challenge to the development of targeted therapeutic strategies (81, 82). It has been shown that BCSCs can change between mesenchymal-like (EMT-like BCSCs) and epithelial-like (MET-like BCSCs) states in a process regulated by the tumor microenvironment. Specifically targeting the molecular factors involved in a specific BCSC state may result in BCSC reversion to the alternative state and, consequently, therapy failure. By contrast, targeting factors that control BCSC plasticity may effectively eradicate this population by preventing its adaptation to fluctuating tumor microenvironments.

KLF4 plays a role in BCSCs and breast cancer metastasis. Yu et al. demonstrated that KLF4 is highly expressed in CSC-enriched breast cancer populations, and KLF4 knockdown decreased the proportion of cells with stem cell phenotypic markers and decreased the production of mammospheres. Importantly, a reduction in KLF4 results in reduced metastatic potential of breast cancer cells (83). Notably, the existence and functional roles of KLF4 isoforms in BCSCs remain uncharacterized, representing a critical research gap. KLF4 may act through miR-200/ZEB1, WNT/β-catenin, or YAP/TAZ signaling to regulate state transitions in BCSCs. Additionally, post-translational modification or isoform variation of KLF4 may alter its capacity to repress EMT-TFs like Snail or Twist.

While current studies associate full-length KLF4 with cancer stemness and tumor immune evasion, it remains unknown whether alternative isoforms such as KLF4α or KLF4a modulate these processes differently. Isoforms lacking DNA-binding domains may act as dominant-negative regulators in BCSCs or skew myeloid-derived fibrocyte differentiation in wound repair. Clarifying the spatiotemporal expression and function of KLF4 isoforms in the tumor microenvironment is essential.





6 Clinical and therapeutic implications

The developing field of trained immunity may have considerable implications for cancer immunotherapy. Elucidating the isoform- and context-specific roles of KLF4 in myeloid reprogramming could lead to novel therapeutic targets. β-glucan is known to induce trained immunity and has been shown to counteract immune tolerance through inhibition of immune-responsive gene 1 (IRG1) (84) and be protective against Mycobacterium tuberculosis challenge, which is dependent upon interleukin-1 (IL-1) signaling and associated with an expansion of hematopoietic stem cells (HSCs) and increased myelopoiesis (85). As discussed earlier, KLF4 is extrinsically linked to myelopoiesis, further highlighting its role in cellular plasticity and stemness.

Given β-glucan’s dual role in innate memory and tumor suppression (86), the KLF4 axis presents a compelling therapeutic target; further investigation into KLF4 as a target for cancer immunotherapy is warranted. In recent years, immune checkpoint inhibitors (ICIs) have become a promising cancer immunotherapy. They function by inhibiting tumor cell suppression of effector immune cells, most commonly T cells. While ICIs have been revolutionary for many patients with solid and hematological malignancies, complications of immune-related adverse events hamper their therapeutic effects (87, 88). A recent study by Xia et al. has implicated macrophage polarization to inflammatory M1 phenotype as a mediator of ICI-induced cardiac injury, and KLF4 was decreased due to miR-34a regulation after ICI treatment, suggesting that KLF4 may be a therapeutic target for reducing immunotherapy-induced cardiac injury (89). KLF4 can affect tumor immunity and responses to cancer therapies, including newly promising ICIs, by modulating macrophage phenotypes between pro- and anti-inflammatory states. As described above, KLF4 plays a key role in immune-metabolic crosstalk by regulating glycolysis and lipid metabolism during macrophage polarization, aligning metabolic state with inflammatory function (22). Its ability to repress glycolytic pathways in M2 macrophages while supporting oxidative metabolism positions KLF4 centrally in coordinating metabolic and immune programming.

In addition to its roles in cancer and trained immunity, KLF4, a Yamanaka factor, plays a central role in stem cell identity, and its expression is tightly epigenetically regulated, and it has been shown to promote the maintenance of pluripotency in iPSCs (73, 90). In the context of aging, KLF4 has been implicated in hematopoietic stem cell maintenance and may contribute to immune rejuvenation by supporting trained immunity and monocyte reprogramming (91). KLF4 expression declines with age, leading to disruption of circadian control of immune responses. Restoration of KLF4 in aged macrophages may mitigate some effects of age-related immune dysfunction (92). The mechanisms by which KLF4 exerts its effects include the modulation of epigenetic landscapes, such as DNA methylation and histone modifications, which are critical for maintaining cellular identity and plasticity (93). KLF4 has been shown to recruit CBP/p300 to promote H3K27ac (41), or to prepress transcription by recruiting HDACs, silencing inflammatory genes (42, 43). Manipulation of these mechanisms may allow for targeted epigenetic training of monocytes without systemic inflammation. In one such example, KLF4 has been implicated in the epigenetic reprogramming of monocytes in bacillus Calmette-Guérin (BCG) vaccination, which enhances cellular responsiveness to subsequent infections, as demonstrated in a controlled randomized clinical trial using attenuated yellow fever virus (94). These data highlight the potential for developing new therapeutic strategies to enhance immunity to infections and cancer by targeting KLF4 and its associated signaling and epigenetic pathways.

As our understanding of KLF4 isoforms expands, it is increasingly plausible that distinct variants may exert differential—or even opposing—effects on trained immunity, macrophage polarization, and immune tolerance. These differences could significantly influence the durability, direction, and even reversibility of therapeutic responses in cancer, infectious diseases, or inflammatory disorders. A more nuanced, isoform-specific view of KLF4 activity will be critical for refining immunotherapeutic strategies that aim to harness or reprogram myeloid cell function.

Moreover, as a better understanding of the roles of KLF4 isoforms in physiologic and pathologic contexts emerges, more targeted and potentially more effective therapies could be developed. Several therapeutic strategies can be envisioned to selectively manipulate KLF4 isoform activity in clinical settings. Small molecules or antisense oligonucleotides could be designed to enhance or silence specific KLF4 isoforms depending on the immunological context. Epigenetic modulators, such as HDAC inhibitors, may be leveraged to promote expression of full-length KLF4 in trained monocytes, thereby reinforcing durable immune memory. Targeted delivery of KLF4-modulating agents to macrophages using nanoparticle or antibody-based platforms could allow for cell-specific immunomodulation with reduced off-target effects. However, it is important to note that therapeutic manipulation of KLF4 must be approached with caution, as certain isoforms are associated with oncogenic potential (48, 63), activation of telomerase (hTERT) (77), or reprogramming of cancer stem cells (83).

Given that KLF4 plays an important role in modulating MDSC-derived fibrocytes during wound healing (29), therapeutic modulation of KLF4 isoforms may carry important implications in regenerative medicine. However, KLF4-driven fibrocyte differentiation raises concerns about unintended fibrosis and must be carefully regulated.

Furthermore, KLF4 isoform expression profiles could serve as predictive biomarkers for responsiveness to trained immunity-inducing vaccines or as indicators of susceptibility to immune-related adverse events during immune checkpoint therapy, guiding more personalized and precise interventions.

Together, these emerging insights underscore the importance of viewing KLF4 not as a singular transcription factor, but as a family of isoforms with distinct functions in immune regulation. As research advances, translating this molecular complexity into targeted therapies and even predictive diagnostics could transform how we modulate innate immune memory and myeloid plasticity across an array of pathologies.




7 Conclusion and future perspectives

KLF4 is a complex transcription factor that plays several pivotal roles in the regulation of stem cells and myeloid cells, including their differentiation, polarization, and functional responses. KLF4 has been implicated in several mechanisms important for cellular plasticity and trained immunity. Its ability to regulate metabolic and epigenetic pathways shows that KLF4 is a key player in developing, maintaining, and suppressing immune responses. Our central hypothesis is that KLF4 plasticity, as shown by the existence of different isoforms, controls the plasticity of myeloid cells, as illustrated by different populations of MDSCs and M1/M2 macrophages, an underlying mechanism bridging cancer and trained immunity. An interesting question to consider is to what extent KLF4 is involved in the cross-talk between innate and adaptive immune responses, given KLF4’s role in reprogramming innate cells to have immune memory while controlling the differentiation of myeloid progenitors to have different levels and modes of stimulatory or suppressive activity in the adaptive immune response. In addition, given the existence of different KLF4 isoforms, representing a distinct layer of molecular plasticity, it will be critical to further study the relationship between the molecular plasticity of KLF4 and the plasticity of stem cells and immune cells (Figure 2), which will be essential for future KLF4-based therapeutic strategies in various inflammatory conditions and cancer. Specifically, unique KLF4 isoforms should be used in future studies when describing KLF4 function instead of only the canonical full-length KLF4. Understanding how KLF4 isoforms are generated by AS of KLF4 pre-mRNA in BCSCs and myeloid cell plasticity will uncover novel ways, either by targeting specific KLF4 isoforms or the splicing regulators controlling the dynamics of KLF4 isoforms, in treating breast cancer and modifying the memory effects of myeloid cells.




Figure 2 | Schematic model linking KLF4 isoform diversity to the regulation of cellular plasticity in cancer and trained immunity. (A). KLF4α (exon 3–deleted) may antagonize nuclear KLF4 activity in EMT-like BCSCs by cytoplasmic sequestration. (B). KLF4a (intron-retaining) may participate in the transcriptional programming of monocytes/macrophages during trained immunity. Grey isoforms denote predicted variants with unknown function.
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