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Highlights

What are the main findings?

• CD74 exists in two functional locations: within endolysosomal compartments as a
chaperone and at the plasma membrane as a signaling receptor.

• Isoform-specific motifs and protease-dependent processing determine CD74 traffick-
ing, stability, and its switch between intracellular and surface functions.

What are the implication of the main findings?

• The dual localization of CD74 explains how proteolytic regulation modulates both
antigen presentation and receptor-mediated signaling.

• Understanding location-specific protease interactions summarizes emerging therapeu-
tic opportunities in immune, inflammatory, and malignant diseases.

Abstract

Proteases represent a diverse family of enzymes that catalyze the hydrolysis of peptide
bonds, modulating numerous biological processes. Among their substrates, CD74—also
known as the invariant chain—has received increased research attention due to its multi-
functional roles in both innate and adaptive immunity. This review provides an overview
of current knowledge on protease-mediated interactions with CD74. The protein was
originally identified as a chaperone for major histocompatibility complex class II (MHC-II)
molecules. Proteolytic cleavage of CD74, most notably by cathepsin S, is essential for the
release of MHC-II and the initiation of antigen presentation. However, CD74 has since
emerged as a central regulator of processes extending well beyond antigen presentation.
More recent findings reveal that CD74, acting as a receptor of macrophage migration in-
hibitory factor, also participates in signaling pathways in non-immune cells, independent
of its classical chaperone function. Proteolytic processing of CD74 can trigger signaling
cascades that modulate gene expression, underscoring its multifunctionality. Dysregulation
of CD74 cleavage and its interaction with proteases has been linked to diverse pathological
conditions, including cancer and autoimmune diseases, where aberrant protease activity
disrupts CD74 function and promotes disease progression.

Keywords: CD74; invariant chain; MHC class II; proteases; cysteine cathepsins; cathepsin
S; SPPL2a; MIF
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1. Introduction
CD74 and proteases have garnered significant attention in scientific research due to

their diverse roles in cellular processes, disease pathogenesis, and therapeutic interventions.
CD74, also known as the invariant chain (Ii), is a multifunctional protein with important
roles in the immune system. Initially characterized as a chaperone for major histocompati-
bility complex class II (MHC-II) molecules, CD74 ensures proper folding, trafficking, and
stabilization of MHC-II complexes [1]. Beyond this canonical role, CD74 has emerged as a
multifunctional receptor and signaling mediator, implicated in processes such as antigen
presentation, lymphocyte survival, and inflammatory pathway regulation [2]. Proteases
constitute a broad class of enzymes responsible for proteolytic cleavage of proteins, thereby
controlling protein maturation, turnover, and activation. In CD74 biology, proteolytic pro-
cessing represents a critical regulatory mechanism [3]. Sequential cleavage of CD74 governs
not only antigen presentation but also soluble fragment generation and receptor-mediated
signaling [4,5]. Consequently, the interplay between CD74 and proteases is increasingly
recognized as a determinant of immune homeostasis [6]. However, due to the limited
scientific evidence, clarifying the relationship between CD74 and proteases is therefore
essential to understanding both normal immune regulation and pathological conditions [7].
Disruptions in CD74–protease interactions are linked to pathological conditions, including
autoimmunity, chronic inflammation, and tumorigenesis [6]. Dysregulated proteolysis may
alter antigen presentation, disrupt signaling cascades, or promote aberrant accumulation
of CD74 fragments. This review aimed to synthesize current knowledge on the molecular
relationship between CD74 and proteases. Furthermore, the dual role of CD74 and its
processing enzymes is described in this review. Emphasis will be placed on mechanistic
insights, regulatory networks, and emerging evidence that positions this axis as a potential
therapeutic target in immune-mediated and malignant disorders.

2. Localization and Function
CD74 is broadly expressed across immune and non-immune tissues, consistent with its

multifunctional role in cellular organization and immune regulation [1,2]. Its localization
within distinct intracellular compartments or at membrane interfaces determines whether it
functions as an endolysosomal chaperone guiding major histocompatibility complex class
II (MHC class II) assembly [8] or as a membrane-associated receptor mediating signaling
and cellular communication [4,6]. The following subsections describe how compartment-
specific distribution and proteolytic processing govern CD74 stability, trafficking, and
biological activity.

2.1. Endolysosomal CD74

A well-characterized role of CD74 is its function in facilitating MHC-II antigen pre-
sentation, a central process in adaptive immunity [9]. In this transmembrane complex
of alpha, beta, and gamma chains, the gamma chain (CD74) acts as a chaperone protein
that ensures correct folding and assembly of the MHC-II alpha and beta chains in the
endoplasmic reticulum [10,11]. By binding to these chains, CD74 stabilizes the nascent
MHC-II heterodimers and prevents premature peptide binding. Additionally, CD74 directs
the complex into the endosomal/lysosomal pathway, where CD74 degrades under the
control of acidic pH (further elaborated upon in chapter 6.1), leaving a small fragment,
known as class II-associated invariant chain peptide (CLIP), which occupies the peptide-
binding groove [12]. This placeholder peptide is later exchanged for antigenic peptides
through the action of human leukocyte antigen (HLA)-DM, enabling proper presentation of
foreign antigens on the cell surface. Hence, CD74 serves both as a molecular scaffold and a
regulator, ensuring immune specificity and preventing inappropriate self-peptide loading.
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2.2. Cell Surface CD74

Our understanding of CD74 has evolved beyond its classical roles in the immune sys-
tem, with emerging evidence revealing its involvement in diverse physiological and patho-
logical processes, particularly various inflammatory processes. CD74 acts as a regulator of
hematopoietic stem cell maintenance [13], influencing B cell survival, proliferation, and dif-
ferentiation through interactions with cytokines and growth factors [14,15]. As a signaling
receptor for the proinflammatory cytokine macrophage migration inhibitory factor (MIF),
CD74 triggers intracellular signaling pathways involved in immune responses, inflam-
mation, neuroinflammation, atherosclerosis, cell migration, and wound healing [4,16–18],
as well as tissue repair in various parts of the body [19,20]; it is also involved in skin-
aging mechanisms [21]. Dysregulation of CD74 expression and function has been asso-
ciated with several autoimmune diseases including rheumatoid arthritis [22], systemic
lupus erythematosus [23], inflammatory bowel disease [14,19], and autoimmune thyroid
diseases [24], highlighting its importance in the immune system. CD74 expression levels
are significantly upregulated in most cancers than in normal tissues [25]; CD74 supports
the accumulation and function of regulatory T cells in tumors [26]. CD74 is also expressed
in microglia and astrocytes, where it participates in neuroinflammatory and neurodegen-
erative processes [27,28]. A soluble variant of CD74 was discovered in autoimmune liver
disease, in which membrane-truncated CD74 is released after proteolytic processing [29].
Extracellular cathepsins [30] may interact with CD74 at the cell surface; however, such
interactions occur predominantly in neutral pH conditions. Contrastingly, within acidic
endosomal or lysosomal compartments, the enzymatic properties of cathepsins can differ
considerably, which may alter both the likelihood and the outcome of their interactions
with CD74.

3. Gene Structure and Expression Control Mechanisms
Understanding the gene structure of CD74 is of utmost importance to elucidate its

functional diversity and regulatory mechanisms. The CD74 sequence was determined
from a gene expressed in chronic lymphocytic leukemia. A cDNA consisting of a se-
quence of 1282 nucleotides, along with approximately 160-nucleotide-long poly A tail, was
identified [31]. The gene responsible for encoding human CD74 is located within a specific
region of chromosome 5 in humans. This gene spans approximately 11 kb and is composed
of 8–9 exons. Each exon contributes distinct functional domains to the CD74 protein [31–33]
(Figure 1). Exon 1 encodes an N-terminal intracellular cytoplasmic tail [34]. In longer
isoforms (p35/p43), an upstream AUG adds 16 amino acids. A part of exon 2 contains
the coding of a single transmembrane segment peptide region within the membrane of
the endosomal and lysosomal compartments, or alternatively, a cell surface membrane.
Exons 2–4 contain the coding for the CLIP peptide, which overlaps with the protein part
responsible for the interaction with MIF [4]. The trimerization of CD74 is essential in the
region coded by exons 4–6 [35]. Furthermore, exon 6b, located between exons 6 and 7,
encodes a thyroglobulin type-1 domain that is incorporated into the p41 and p43 isoforms
through alternative splicing [32,34].
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Figure 1. The domain architecture of all four splice variants of CD74. 3D scheme is based on models
of CD74 single chains prepared using an algorithm for protein structure prediction, trRosetta [36]. The
splice differences are indicated in red (N-terminal region) and green (thyroglobulin type 1 domain
inhibitor). The transmembrane region, which measures approximately 30 Å [37], is colored blue,
while the CLIP region is highlighted in yellow and the trimerization region is denoted in orange.
CLIP, class II-associated invariant chain peptide; trRosetta, transform-restrained Rosetta.

Oncogenic fusion proteins resulting from chromosomal rearrangements or translo-
cations are distinctive features of cancer development. Whole-genome sequencing re-
vealed recurrent CD74 genomic rearrangements, implicating it in the pathogenesis of rare
lymphomas [38]. Fusion proteins play crucial roles in driving abnormal signaling pathways
and promoting cellular proliferation. Among the various fusion proteins associated with
cancer, those involving CD74 have attracted considerable attention because of their involve-
ment in tumor formation and potential therapeutic implications. In their study, Vargas and
Pantouris highlighted several intriguing oncogenic fusion proteins, namely CD74-PDGFRB,
CD74-ROS1, CD74-NTRK1, CD74-NRG1, and CD74-NRG2α, which exhibit 16 variants [33].
Triple oncogenic fusions involving CD74 (PDGFRB/ROS1/NTRK1) were identified in lung
tumors [39]. An assay for the detection of gene fusion CD74-ROS1 has been developed [40].

Transcriptional regulation of CD74 expression is mediated by diverse transcription fac-
tors and signaling cascades responsive to extracellular stimuli, including cytokines, growth
factors, and microbial products [41]. Cytokines such as transforming growth factor β [42]
and interferon-γ [43,44] enhance CD74 expression, while MHC II transactivator (CIITA)
serves as a critical activator. During viral infections, CIITA-induced expression of the p41
isoform prevents cathepsin-mediated glycoprotein processing, thereby blocking Ebola virus
and severe acute respiratory syndrome (SARS)-like coronavirus entry [45]. In the context
of immune regulation, altered CD74 expression has been observed in regulatory T cells
within tumors [26] and during viral infections [46]. Notably, CD74 isoforms p33 and p35,
but not p41 or p43, can inhibit Enterovirus D68 replication [47], suggesting isoform-specific
antiviral activity.

Post-translational modifications critically regulate CD74 function, localization, and
interactions [48]. Glycosylation is the most extensively characterized modification
(Figure 2). Both N-linked and O-linked glycosylation were demonstrated early [49], with
functional roles in protein stability, trafficking, and antigen presentation [50]. N-linked gly-
cosylation protects against premature proteolysis in neutral environments, while structural
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studies revealed two N-glycosylation sites (Asn242 and Asn256) in the thyroglobulin type-1
domain [51]. According to UniProt (P04233), additional N-linked sites occur at Asn130 and
Asn136, with O-linked glycosylation at Thr203 and Ser281. Arneson et al. (2007) further
identified an O-linked chondroitin sulfate attachment at Ser282, promoting rapid transport
from the trans-Golgi to the cell surface [52]. Sialylation of N- and O-glycan chains indicates
processing through the trans-Golgi apparatus [53].

 

Figure 2. 3D scheme of the CD74 trimer (p43 splice variant). The positions of post-translational
modifications (N- and O-glycosylation, palmitoylation, and Ser phosphorylation) are marked in
red. Sections of CD74 related to glycosylation and phosphorylation modifications are enlarged and
rotated to enhance visibility and clarity. Each chain is uniquely colored. The transmembrane region is
stained blue. The 3D scheme is based on the model of the CD74 single chain, using an algorithm for
protein structure prediction, trRosetta [36]. CD74 trimer assembly was prepared using the M-ZDOCK
tool, which facilitates symmetric multimer docking [54]. trRosetta, transform-restrained Rosetta.

Phosphorylation also contributes to CD74 regulation (Figure 2). Serine residues in the
N-terminal domain undergo phosphorylation, facilitating endoplasmic reticulum exit and
subsequent endosomal transport of CD74 within the MHC-II complex [55,56]. Although
CD74 lacks tyrosine and threonine residues in its intracellular tail, downstream signaling
is mediated via CD44 and MIF interactions, leading to Src kinase family activation and
phosphorylation of ERK1/2 [57,58].

Additionally, CD74 undergoes palmitoylation at Cys27 (Figure 2), adjacent to the in-
tracellular membrane surface, enhancing membrane association [59]. While palmitoylation
modulates protein–membrane interactions, transmembrane proteolysis of CD74 can occur
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independently of this modification [60]. Together, these post-translational modifications
integrate structural stability with immune regulation, signaling, and viral restriction.

4. Protein Domains of CD74 and Their Multifunctional Roles
Primary segmentation of various areas shows three distinct domains with different

functions: an extracellular domain, transmembrane domain, and intracellular domain
(ICD) [2] (Figure 1). These diverse functions are attributed to their unique structural and
functional domains. The identification of these structural and functional elements has
enabled researchers to associate motifs with important functions in diverse biological
processes such as antigen presentation, immune regulation, and cell signaling.

4.1. Extracellular Domain

The largest part of the CD74 protein is its extracellular domain [61]. This region
contains several functional motifs and binding interfaces. This domain harbors the el-
ements that enable CD74 to assemble into homotrimers [62–64]. CD74 plays a central
role in antigen presentation by interacting primarily with MHC-II molecules through its
transmembrane and extracellular domains [37]. Trimers can associate with three MHC-
II heterodimers (αβ), creating a complex structure of a nine-subunit complex [65,66]. A
critical feature of this interaction is the CLIP region (within the p41 isoform amino acids
97–120), which transiently occupies the peptide-binding groove of MHC-II until displaced
by antigenic peptides [67–69]. Beyond its chaperone function, CD74 also engages with
a variety of signaling molecules and adaptor proteins, thereby modulating intracellular
signaling cascades. Notably, recent findings in IRF8-mutant B-cell lymphoma demonstrate
that CD74 loss disrupts MHC-II antigen processing and presentation, leading to impaired
CD4+ T-cell activation and facilitating immune evasion [70]. Another region of major
functional importance in CD74 is the thyroglobulin type-1 domain (thyropin), which is
present in p41 and p43 isoforms. This domain functions as an endogenous inhibitor of
selected cathepsins [32,71].

The surface expression of CD74 does not rely on the simultaneous expression of
MHC-II [53]. Gastric epithelial cells show a high level of surface protein expression, which
is polarized to the apical surface [72]. When modified with chondroitin sulfate, CD74 pro-
motes the rapid transport of proteins from the trans-Golgi network to the cell surface [52],
generating distinct surface pools of the protein as a receptor. At the cell surface, CD74 binds
MIF [4,73] and its structural homolog D-dopachrome tautomerase (MIF-2, or D-DT) with
high affinity (binding interaction KD of 1.40 nM and 5.4 nM, respectively) [74]. Binding
of MIF to the extracellular domain of CD74 activates downstream ERK1/2 signaling [4].
CD74 signaling in connection with MIF has been comprehensively reviewed [19]. Notably,
small-molecule inhibitors targeting MIF effectively block its interaction with CD74, offering
a promising strategy for therapeutic potential [75]. Notably, the stimulation of the B-cell
lymphoblastoid line with anti-CD74 antibody induces a signaling cascade similar to MIF
response, demonstrating that surface CD74 functions as a survival receptor [76]. Through
MIF interaction, CD74 activates intracellular pathways including ERK1/2, AKT, and NF-κB,
which contribute to immune responses and inflammatory processes [4,6,19,77,78]. Small
molecule inhibitors of MIF can block the interactions between MIF and CD74 [75]. More-
over, CD74 can form complexes with other CXC chemokine receptors such as CXCR2,
CXCR4, and CXCR7, thereby amplifying its involvement in inflammatory responses and
cell migration [19].

Additionally, the cytoplasmic tail of CD74 functions as a critical platform for the recruit-
ment of adaptor proteins and cytoskeletal elements, thereby facilitating receptor internalization
and the initiation of downstream signaling pathways. Similar to interaction with MIF, CD74
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has also been shown to associate with tissue inhibitor of metalloproteinases-1 (TIMP1) in
a mechanistically analogous manner [79,80]. These two molecules interact with each other
within the cellular environment of breast cancer cells [81]. The interacting part of the in-
hibitor is the N-terminal domain. The domain harbors antiproteolytic activities and triggers
intracellular zeta chain–associated protein kinase-70 (ZAP-70) phosphorylation [82]. Notably,
the expression of CD74 is significantly associated with the expression of ZAP-70 in patients
diagnosed with B-cell chronic lymphocytic leukemia [83], which could be explained by the
CD74–TIMP1 interaction.

4.2. Transmembrane Domain

The transmembrane region of CD74 is a 24 amino acid-long single-pass α-helix and
drives trimerization, a critical step for stabilizing MHC-II αβ heterodimers and facilitating
their export from the endoplasmic reticulum to endosomal compartments [10,84,85]. The
transmembrane region domain also influences lateral segregation into lipid microdomains
where CD74 interacts with co-receptors such as CD44 [58,84,86]. Moreover, structural
integrity of the transmembrane region is required for proper clustering and surface stability
of CD74, which underpins its roles both as a MHC-II chaperone and as a receptor for
external ligands. Mutations or disruptions in the transmembrane region hydrophobicity
compromise oligomerization and membrane localization, reducing antigen presentation
efficiency and impairing immune regulation [61].

4.3. Intracellular (Cytoplasmic) Domain

The cytoplasmic tail, located at the N-terminal end of CD74, is essential for intracellular
signaling and protein trafficking [87,88]. Isoforms p33 and p41 share a short 30–amino
acid cytosolic N-terminus, whereas p35 and p43 contain an extended N-terminal domain
(16 additional amino acids). This part incorporates an arginine-based atypical sorting signal
for endosomal compartments coupled to cell surface transport [89,90].

Within this domain, there are sites for potential phosphorylation and protein interac-
tion motifs that control the signaling pathways and trafficking processes mediated by CD74.
The downstream signaling pathways initiated by CD74–MIF interaction are conditioned
by the binding of CD74 to CD44, a cell adhesion molecule that plays a crucial role in
cell proliferation, migration, and metastasis [91–93]. CD74 alone is sufficient to mediate
extracellular MIF binding to cells. However, in the absence of CD44, or even when only
its N-terminal domain is missing, MIF is unable to trigger phosphorylation of ERK1/2
kinases. The authors indicate that MIF induces the serine phosphorylation of the CD74
intracytoplasmic domain in a CD44-dependent manner [58].

Beyond serving as a signaling hub, the cytoplasmic domain of CD74 harbors spe-
cific motifs that govern its intracellular routing, ensuring the proper balance between
ligand-induced signaling and endocytic transport. Particularly, it contains leucine-based
sorting motifs that are specifically recognized by clathrin adaptor complexes AP-1 and
AP-2 [94]. Clathrin adaptor complexes mediate cargo selection and vesicle formation in
intracellular trafficking. Through mutational analysis, they showed that these motifs are
essential for directing CD74 trafficking into the endocytic pathway, thereby regulating
MHC-II transport.

4.4. Mechanistic Link Between Intracellular Trafficking and Surface Receptor Function of CD74

The dual behavior of CD74—as an intracellular chaperone and a plasma membrane
receptor—appears to result from compartment-specific processing and sequence-dependent
sorting mechanisms. Newly synthesized CD74 molecules trimerize in the endoplasmic
reticulum and associate with nascent MHC-II molecules to prevent premature peptide
loading [84,85]. Export from the endoplasmic reticulum depends on serine phospho-
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rylation and arginine-based motifs in the cytosolic tail that facilitate trafficking to the
Golgi apparatus [86]. Following endoplasmic reticulum exit, dileucine-based motifs engage
adaptor proteins AP-1 and AP-2, directing the protein into endosomal and lysosomal
compartments [87,88]. Within these acidic vesicles, cysteine cathepsins—mainly cathepsins
S and L—sequentially degrade the luminal portion of CD74 to generate CLIP [8]. The
remaining membrane-anchored fragment is then cleaved by the intramembrane protease
SPPL2a, completing an intracellular domain (ICD) that can translocate to the nucleus and
contribute to transcriptional regulation [95,96].

In addition to the intracellular degradative route, a distinct trafficking pathway deliv-
ers a subset of CD74 molecules to the plasma membrane [19]. This surface-directed pool
bypasses lysosomal degradation and remains signaling-competent, enabling interaction
with MIF and related ligands [73].

Distinct sorting motifs and post-translational modifications acquired during transport,
together with isoform-dependent variations in the N-terminal sequence, define this alterna-
tive trafficking route [2]. Isoforms p33 and p41 possess a short 30-amino-acid cytosolic tail,
whereas p35 and p43 contain an additional 16-amino-acid N-terminal extension enriched in
arginine and serine residues. Phosphorylation within this segment promotes endoplasmic
reticulum exit and favors trafficking toward the plasma membrane, resulting in increased
cell-surface localization [86,89,90]. Once at the cell surface, sequence-dependent variation
in CD74 modulates protease accessibility—particularly to extracellular cathepsins—thereby
regulating receptor stability, turnover, and signaling duration. SPPL2a-mediated cleavage
also contributes to the turnover of surface CD74, regulating receptor availability and signal
propagation [97].

Although this model is supported by biochemical and sequence-based evidence,
experimental validation of how N-terminal variation governs localization and surface
stability across all four CD74 variants remains limited. The subcellular distribution between
endolysosomal and plasma membrane compartments ultimately determines whether CD74
functions as a chaperone or as a signaling receptor involved in immune regulation. The
structural organization, interacting partners, post-translational modifications, and related
functional implications of CD74 are summarized in Table 1.
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Table 1. Structural organization, interacting proteins, post-translational modifications, and functional relevance of CD74.

CD74
Region/Domain Key Functions Known Interacting

Proteins/Proteases Post-Translational Modifications Functional Significance/Related Diseases

Cytoplasmic tail Endosomal sorting; signaling
adaptor; internalization motifs CD44 [58] Serine phosphorylation [58,98]

Regulates receptor signaling; involved in
immune-cell activation and chronic
inflammation [55,99]

Transmembrane
domain

Anchors CD74 in membrane; site of
intramembrane proteolysis SPPL2a [100–102] Cleavage by SPPL2a → ICD

release [100]
Generates ICD influencing NF-κB/RUNX
activity [88]

Endolysosomal
(intraluminal) domain

Located inside endosomal and
lysosomal compartments;
chaperone for MHC-II assembly and
trafficking; contains CLIP sequence
and Tg domain that inhibits
cathepsins

MHC-II α/β chains, HLA-DM,
cathepsins L and S [8]

Sequential degradation by
cathepsins S, L, V [51,103,104];
N-/O-glycosylation [2];
chondroitin-sulfate attachment [52]

Controls antigen presentation and protease
inhibition; essential for MHC-II maturation;
altered cleavage linked to immune dysfunction
and tumorigenesis [99]

Cell-surface domain
Receptor for MIF, MIF-2, and
TIMP-1; substrate for ectodomain
shedding and proteolytic processing

ADAM10/17 [5]; cathepsins S [105]
and L [106] TIMP-1 [81]

N-/O-glycosylation [2];
palmitoylation [107];
phosphorylation [55]

Activates ERK1/2, AKT, and NF-κB pathways
[6]; regulates cell proliferation and inflammatory
responses [6]; overexpressed in cancer and
autoimmune diseases [108]

Soluble CD74 Circulating fragment acting as
modulator of MIF signaling MIF [58]; cathepsin L [109] Proteolytic shedding by

ADAM10/17 [5]
Functions as decoy receptor [110]; may attenuate
inflammatory or tumor-promoting effects [5]
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5. Proteolytic Interaction and Functional Implications
The interaction between CD74 and proteases represents a multifaceted and complex

regulatory network shaped by two biological functions of CD74—as an intracellular chap-
erone involved in antigen presentation and as a cell-surface receptor that triggers signaling
pathways. Proteases influence these roles in distinct ways, depending on their type and
site of action. Intramembrane protease signal peptide peptidase-like 2a (SPPL2a) acts
on membrane-anchored remnants of CD74. Endosomal/lysosomal proteases, such as
cathepsins, initiate stepwise cleavage of CD74 in an acidic environment, controlling its
stability and turnover during antigen presentation. Extracellular and secreted proteases,
including matrix metalloproteinases (MMPs) and cathepsins, can modulate CD74 at the
plasma membrane at neutral pH. This division highlights how distinct groups of proteases
engage with CD74 in context-dependent manners, orchestrating both structural processing,
functional regulation, and coordinating cellular responses. The principal proteolytic events
and their compartmental localization are schematically summarized in Figure 3.

 

Figure 3. Proteolytic regulation of CD74 across cellular compartments. Schematic overview of
CD74 processing by proteases in distinct environments. (A) In the endolysosomal compartment,
cathepsins S, L, and V mediate stepwise degradation of CD74 and release of the CLIP fragment for
MHC-II loading. (B) The intramembrane protease SPPL2a cleaves membrane-bound CD74, releasing
the intracellular domain (ICD) involved in signaling. (C) At the cell surface and in the extracellular
space, ADAM10/17 and secreted cathepsins induce ectodomain shedding and generate soluble
CD74, which modulates MIF-mediated signaling and cathepsin activity. Arrows indicate proteolytic
direction and outcome (degradation, activation, or inhibition).

5.1. Intramembrane Cleavage of CD74

SPPL2a is a member of the GxGD intramembrane protease family [97]. It is pri-
marily localized to late endosomes and lysosomes, compartments where CD74 process-
ing occurs [2,100–102]. It controls the degradation of the membrane-bound CD74 [111].
The enzyme’s N-terminal PA domain acts as a targeting signal required for endosomal
localization [112]. Upon contact with CD74, the transmembrane regions of SPPL2a sur-
round the substrate and position it in the catalytic site, where cleavage occurs and the
CD74 ICD is released [100]. The main cleavage site is situated between residues Y52 and
F53 within the CD74 transmembrane segment [60]. Inhibition or deficiency of SPPL2a
prevents proper CD74 processing, resulting in the accumulation of full-length protein and
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impaired MHC-II antigen presentation [95]. Following release, the ICD is degraded by the
proteasome [96], consistent with cytosolic proteases rapidly targeting peptides longer than
14 amino acids [113]. However, the CD74 ICD can interact transiently with transcription
factors such as RUNX or NF-κB, translocating to the nucleus to regulate immune-related
gene expression [88]. Loss-of-function mutations in SPPL2a, identified in patients with
Mycobacterium bovis disease, cause pathological accumulation of CD74 fragments in
lymphoid cells [111]. Moreover, the CD74 ICD is a heme-binding protein, and SPPL2a-
mediated cleavage modifies its heme ligation properties, shifting from stable to low-affinity
binding [114].

5.2. Endosomal Degradation of CD74

Cysteine cathepsins are lysosomal proteases essential for protein turnover, antigen
presentation, and tissue remodeling. They belong to the papain-like family, defined by
a catalytic cysteine residue. Eleven members exist in humans: cathepsins B, C, H, F, K,
L, O, S, V, W, and X [115]. While most function as monomers, structural diversity occurs:
cathepsin C forms tetramers [116], cathepsin X exists as a dimer [117], and cathepsin K
dimerizes in the presence of oligosaccharides [118]. These proteases act within lysosomes,
endosomes, and extracellular compartments, and dysregulated activity contributes to
cancer, autoimmune disease, cardiovascular pathology, and neurodegeneration.

During the transport of MHC-II to endosomal compartments, CD74 (invariant chain)
functions as a chaperone, stabilizing MHC-II and shielding its peptide-binding groove [1].
The transport of CD74 to the plasma membrane is not influenced by the presence of MHC-II
molecules in the endocytic pathway, as this proportion of CD74 is independently trans-
ported to the plasma membrane [53]. However, for efficient peptide binding, MHC-II
molecules must reach antigen-processing compartments and CD74 must be degraded
within endosomes [1]. This process involves the degradation of CD74, primarily medi-
ated by cathepsins, with cathepsin S acting as the principal protease. It is enriched in
antigen-presenting cells, optimally active at acidic pH, and essential for invariant chain
removal [8,119]. Together with cathepsin L, it cleaves CD74 [103,120], and deficiency in
either enzyme severely disrupts humoral immunity and T cell selection [121]. Cleavage
sites remain undefined, though in vitro studies with recombinant CD74 revealed distinct
cathepsin S-generated fragments [122]. Cathepsin V can substitute for cathepsin L [104],
while cathepsin F, cathepsin B, and legumain are largely dispensable [123]. This redundancy
ensures robustness, but cathepsin S holds a unique nonredundant role.

Upon endosomal acidification, γ-interferon-inducible lysosomal thiol reductase (GILT)
activates cathepsin S [124]. Active cathepsin S cleaves CD74 within the region spanning the
CLIP and the trimerization domain, resulting in minimal impact on the oligomerization of
the HLA-DO/CD74 complex [37]. This proteolysis liberates CLIP from the MHC-II binding
groove, thereby exposing the peptide-binding site. However, efficient peptide loading does
not occur spontaneously. The nonclassical MHC-II molecule HLA-DM facilitates the release
of residual CLIP and catalyzes the exchange for high-affinity antigenic peptides derived
from exogenous proteins. This peptide exchange ensures the stability of the peptide–MHC-
II complex and promotes optimal presentation to CD4+ T cells. HLA-DO, expressed in
B cells and thymic epithelial cells, can further modulate this process by regulating HLA-DM
activity and thus fine-tuning peptide selection [125]. Although cysteine cathepsins domi-
nate CD74 degradation, other proteases may contribute. Inhibition of aspartic cathepsins D
and E with pepstatin A blocks CD74 removal and MHC-II maturation [126]. However, as
pepstatin A does not readily cross membranes without lipid modification, intramembrane
proteases such as SPPL2a are unlikely to be affected [127]. These results suggest a support-
ing role for aspartic proteases, possibly through cross-regulation of cysteine cathepsins.
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5.3. Cell Surface CD74 Can Interact with Extracellular Proteases

CD74 localization is not only in acid vesicles. It can be transferred to the plasma
membrane in the absence of other MHC-II molecules, as indicated by the research on
lymphoblastic cell lines CEM.T1 and CEM.T2 [53]. This clearly suggested localization of
free CD74 molecules on the cell surface. The importance of CD74 molecules on the cell
surface has been demonstrated through interactions with extracellular proteins at neutral
pH, triggering cellular responses.

The mechanism of CD74 proteolysis in the extracellular space remains largely un-
known. Studies have frequently reported the ability of cathepsins to cleave CD74 on the
cell surface, but these claims are primarily derived from observations of cleavage events
occurring in slightly acidic endosomes during antigen presentation [8]. Cysteine cathep-
sins are secreted from cells and can act extracellularly, suggesting a potential role in the
degradation of cell surface proteins [30]. Proteolytic cleavage of cell surface CD74 generates
soluble CD74 (sCD74). The extracellular domain of transmembrane CD74 can be shed
into the extracellular space [128], and sCD74 has been detected in diverse pathological
contexts, including cardiac disease [129], acute lung injury [130], and melanoma [5]. This
ectodomain shedding is protease-dependent, with MMPs A Disintegrin And Metallopro-
teinase (ADAM)10, ADAM17, and cysteine proteases implicated in CD74 cleavage [5].

ADAM MMPs are a family of membrane-anchored enzymes with prominent sheddase
activity that have dual functions: proteolytic activity and cell signaling [131]. They are
characterized by having both a disintegrin and a MMP domain. The MMP domain is
responsible for their proteolytic activity, enabling them to cleave various cell surface
proteins, while the disintegrin domain is involved in interactions with integrins and other
cell adhesion molecules [132]. The mechanism of ADAM10 function can be understood
from the overall enzyme architecture based on the X-ray crystal structure of the complete
enzyme ectodomain. The catalytic domain precedes the transmembrane region of the
protein [133]. ADAM MMPs can modulate the abundance and structural integrity of CD74
at the plasma membrane, thereby influencing its receptor functionality and downstream
signaling pathways [5]. Notably, the type of protease responsible for the cell-surface
cleavage of CD74 depends on the cell type. Further research is required to identify the
protease responsible for producing sCD74. However, researchers have shown that SPPL2a
is not involved in the process of ectodomain shedding, as knockdown of the intramembrane-
cleaving protease did not change the release of sCD74 [5].

Cysteine cathepsins play an important role in breaking down CD74. However, cathep-
sin S can be weakly inhibited by a 64-residue fragment derived from the p41 or p43
splice variants. This fragment, known as the thyroglobulin type I domain or thyropin in-
hibitor [71], modulates the activity of some cathepsins [32,134]. Multiple isoforms of CD74
are statistically integrated into trimeric structures, indicating that different splice variants
of CD74 combine to form trimers. This structural organization increases the likelihood
that a thyropin inhibitor is present within the CD74 trimer [135]. In the absence of the
thyropin domain, the CD74 complex can be effectively degraded by cathepsin L [136]. The
interaction between cathepsin S and inhibitory factor p41 results in reversible inhibition of
the enzyme, characterized by an equilibrium inhibition constant (Ki) of 208 nM [134]. This
suggests relatively weak inhibition, implying that cathepsin S is directed away from the
C-terminus of the chain. Cathepsins H and L are also inhibited by thyropin domain, with Ki
values 5.3 nM and 1.7 pM, respectively [109]. The strong inhibition of cathepsin L highlights
its significance. The interaction of the inhibitory p41 fragment with the active cathepsin L
allows extracellular accumulation of the active enzyme [106]. Notably, cathepsin L is an
unstable enzyme at neutral pH, with an inactivation rate constant (kinact) of 0.15 s-1 at
pH 7.4 and 37 ◦C [137]. However, substrates and protein inhibitors such as cystatins can
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stabilize the active conformation of cathepsin L [138,139]. The stabilization of cathepsin
L in complex with the CD74 inhibitor domain enables the isolation of cathepsin L from
the human kidney [140]. The presence of the soluble cathepsin L-CD74 inhibitor complex
suggests that the inhibitory domain can be cleaved from the rest of the molecule, although
the specific enzyme responsible for this cleavage remains unidentified. The inhibition
of cathepsin L by CD74 raises the possibility of cathepsin L activity in the extracellular
environment [30,106]. The extracellular activity of cathepsin L may have significant im-
plications for various physiological and pathological processes. Beyond its canonical role,
cathepsin S also influences transcriptional regulation. Through CD74 cleavage, which
triggers CD74-dependent signaling (via NF-κB), it modulates chemokine processing and
alters expression of CCL2 [141]. These findings highlight its dual role in antigen processing
and immune regulation.

Overall, these findings underscore the complex regulatory mechanisms involving
cathepsins and CD74, highlighting the intricate balance between enzyme activity and
inhibition in maintaining cellular homeostasis and contributing to disease pathogenesis.
Infectious pathogens can also exploit CD74 as an entry or signaling partner. H. pylori
urease B binds CD74 to induce inflammation, while HIV proteins gp41 and Vpu interact
with CD74 to modulate immune recognition [142–144]. Extracellular cathepsin L plays a
crucial role in the pathogenesis of lethal sepsis [145]. Elevated levels of cathepsin L have
been observed in the blood plasma of patients, both before and after surgical resection,
indicating its significant involvement in the body’s response to surgical stress [146]. There
are other correlations with CD74. Cathepsin L contributes to a proinflammatory profile
and exacerbates inflammatory responses [147]. In obesity-related diseases, cathepsin L
secretion is enhanced, which is closely associated with increased inflammation, suggesting
a link between metabolic disorders and heightened inflammatory states [147].

Cysteine cathepsins, including cathepsin L, have been implicated in the development
and progression of cardiovascular diseases. This is particularly evident in older adults, where
the incidence and severity of these conditions are more pronounced [148,149]. The role of
CD74 in cardiovascular disease is significant, with CD74 regulating extracellular cathepsin
L activity. This regulatory mechanism suggests that cathepsin L plays an active role in the
pathology of cardiovascular conditions because of the influence of CD74 [7,106]. Notably,
sepsis, postoperative inflammatory responses, obesity-related inflammation, and cardiovas-
cular diseases are high-risk factors for severe COVID-19 infection. The association between
cathepsin L, CD74, and COVID-19 is particularly notable. The p41 isoform of CD74 inhibits
viral entry by blocking cathepsin L-mediated processing of viral proteins, such as the Ebola
glycoprotein, which also extends to coronaviruses, including SARS-coronavirus 2 [150–152].
This multifaceted involvement underscores the critical role of cathepsin L and CD74 in various
diseases and highlights their potential as therapeutic targets in managing severe COVID-19
infections [45]. Further research is required to elucidate the specific mechanisms by which
cysteine cathepsins contribute to CD74 degradation on cell surfaces.

6. Potential Therapeutic Targets in Proteolysis of CD74
Targeting the proteolytic processing of CD74 has emerged as a rational therapeutic

strategy across cancer, autoimmune, and inflammatory diseases. CD74 functions both as
an accessory molecule for MHC-II and as a signaling receptor for MIF. Dysregulated CD74
expression or turnover is linked to pathological immune activation, tumor progression, and
resistance to therapy [153–155]. By identifying the specific enzymes or pathways involved
in the degradation of CD74, researchers can intervene and modulate these processes to
regulate CD74 levels or activity.
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Mechanistically, CD74 undergoes stepwise proteolysis. Its luminal domain is trimmed
by cysteine cathepsins, notably cathepsin S, and subsequently, the intramembrane protease
SPPL2a releases the cytoplasmic fragment that influences downstream signaling [156–159].
Modulating these cleavage steps provides opportunities for intervention: inhibition of
cathepsin S in malignant B cells alters antigen processing and MHC-II maturation, trigger-
ing anti-tumor immune responses and reducing tumor growth [156]. Similarly, pharma-
cological SPPL2a blockade can reshape antigen-presenting cell function, although genetic
evidence shows that SPPL2a loss in humans leads to dendritic cell and B-cell defects with
increased infection risk, highlighting the need for caution [160].

Cysteine cathepsins themselves are druggable targets [161]. Despite the abundance of
chemical inhibitors, only a few have reached clinical testing, with mixed outcomes [162–164].
Recent approaches seek to overcome these limitations, such as engineering non-natural
peptide inhibitors (NNPIs) with reactive warheads and coupling them to antibodies for cell-
specific drug delivery [165]. This strategy may minimize off-target toxicity while enhancing
therapeutic precision.

Beyond protease inhibition, direct targeting of CD74 has also been pursued. The
anti-CD74 monoclonal antibody milatuzumab has shown preclinical activity in B-cell malig-
nancies and early clinical exploration in hematologic cancers and autoimmune disease [166].
In solid tumors, CD74 expression correlates with inflamed tumor microenvironments and
favorable responses to immune checkpoint inhibitors, positioning CD74 both as a thera-
peutic target and as a biomarker [167].

Overall, CD74-centered interventions can be pursued at several mechanistic levels. At
the plasma membrane, therapies aim to block MIF–CD74 interactions or reduce receptor
abundance through monoclonal antibodies, thereby limiting downstream signaling. Within
the endolysosomal pathway, inhibition of proteolytic processing by cathepsin S or SPPL2a
offers a strategy to reprogram antigen presentation and reshape immune responses. Ad-
ditionally, combination approaches that integrate antibody-based targeting with selective
protease inhibition, or that simultaneously modulate multiple pathways, hold promise for
achieving greater efficacy and therapeutic precision while minimizing systemic toxicity.
An integrative overview of CD74 regulatory mechanisms, signaling pathways, disease
associations, and therapeutic targeting approaches is presented in Table 2.

Table 2. Integrative overview of CD74 regulatory network, associated signaling pathways, disease
links, and therapeutic targeting strategies. Summary of the regulatory mechanisms, signaling
pathways, disease associations, and therapeutic targeting approaches involving CD74.

Aspect Description

Upstream Regulation of CD74 expression
Cytokines: IFN-γ, TNF-α, IL-6 → transcriptional upregulation of CD74 [42–44,168].
Proteases: Cathepsins S, L, V; ADAM10/17; SPPL2a → post-translational processing [5,30,100].
Inflammatory and stress stimuli enhance CD74 expression [18,25,169].

Functional Hub
Acts as invariant chain (MHC class II chaperone) [8].
Functions as cell-surface receptor for MIF, D-DT, and TIMP1 [4,74,79].
Integrates immune, stress, and proteolytic signaling pathways [6,7,19].

Signaling Pathways and Disease Associations

Signaling: NF-κB, ERK1/2, PI3K/AKT → cell survival and inflammation [6,14,170].
Immune regulation: antigen presentation, macrophage activation [8,9,171].
Cancer: proliferation, metastasis, immune evasion [25,172–174].
Autoimmune/Inflammatory diseases [6,14,153].
Neurodegeneration, Alzheimer’s disease [175].

Therapeutic Targeting of CD74 Networks

Anti-CD74 antibodies: milatuzumab, STRO-001 [166,176].
MIF inhibitors: ISO-1, ibudilast, neutralizing antibodies [177–179].
Cathepsin S inibitors [105,164].
SPPL2a inhibitors [158].
ADAM 10/17 regulation [180,181]
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7. Conclusions
This review underscores the central role of CD74 and proteases in regulating immune

responses and cell signaling, highlighting their intricate and reciprocal interplay. Proteases
cleave CD74 in a stepwise manner, releasing defined fragments that directly influence anti-
gen presentation and downstream signaling pathways. Importantly, CD74 itself exists in
two functional contexts: at the cell surface under neutral pH, where it serves as a receptor
for MIF and other ligands, and within the endosomal–lysosomal compartment at acidic pH,
where it functions as an invariant chain regulating MHC-II loading and undergoes proteolytic
processing. This dual localization underscores the complexity of CD74 biology and explains
how proteases exert context-dependent effects on its activity. Clarifying these mechanisms not
only refines the understanding of immune system dynamics but also lays the groundwork for
innovative therapeutic approaches in cancer, autoimmunity, and inflammatory diseases.
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M.; et al. Specificity of human cathepsin S determined by processing of peptide substrates and MHC class II-associated invariant
chain. Biol. Chem. 2006, 387, 1503–1511. [CrossRef] [PubMed]

123. Yamamoto, K.; Kawakubo, T.; Yasukochi, A.; Tsukuba, T. Emerging roles of cathepsin E in host defense mechanisms. Biochim.
Biophys. Acta 2012, 1824, 105–112. [CrossRef] [PubMed]

https://doi.org/10.3748/wjg.15.2855
https://doi.org/10.1016/j.arr.2016.04.012
https://doi.org/10.1016/j.isci.2023.107819
https://www.ncbi.nlm.nih.gov/pubmed/37736044
https://doi.org/10.1016/j.febslet.2011.08.043
https://doi.org/10.1016/S1074-7613(00)80020-5
https://doi.org/10.1172/JCI200318028
https://doi.org/10.3389/fimmu.2025.1600206
https://doi.org/10.1084/jem.20020762
https://doi.org/10.1016/S0021-9258(17)35802-7
https://doi.org/10.1186/s12935-024-03524-w
https://www.ncbi.nlm.nih.gov/pubmed/39402601
https://doi.org/10.1084/jem.183.4.1331
https://www.ncbi.nlm.nih.gov/pubmed/8666891
https://doi.org/10.1016/j.jhepr.2020.100221
https://www.ncbi.nlm.nih.gov/pubmed/33659891
https://doi.org/10.1038/s41590-018-0178-z
https://doi.org/10.1042/BJ20131067
https://www.ncbi.nlm.nih.gov/pubmed/24387786
https://doi.org/10.1016/S0014-5793(98)01010-2
https://doi.org/10.1038/s42003-020-0800-0
https://doi.org/10.1016/j.bbapap.2011.10.002
https://doi.org/10.1074/jbc.270.37.21626
https://doi.org/10.1016/j.bbapap.2020.140567
https://doi.org/10.1007/s11033-024-09518-1
https://doi.org/10.1007/s40005-022-00573-z
https://www.ncbi.nlm.nih.gov/pubmed/35573320
https://doi.org/10.1016/S1074-7613(00)80021-7
https://www.ncbi.nlm.nih.gov/pubmed/10072073
https://doi.org/10.1111/j.1600-065X.1999.tb01360.x
https://www.ncbi.nlm.nih.gov/pubmed/10631941
https://doi.org/10.1515/BC.2006.188
https://www.ncbi.nlm.nih.gov/pubmed/17081125
https://doi.org/10.1016/j.bbapap.2011.05.022
https://www.ncbi.nlm.nih.gov/pubmed/21664991


Cells 2025, 14, 1960 21 of 23

124. Balce, D.R.; Allan, E.R.O.; McKenna, N.; Yates, R.M. γ-Interferon-inducible lysosomal thiol reductase (GILT) maintains phagoso-
mal proteolysis in alternatively activated macrophages. J. Biol. Chem. 2014, 289, 31891–31904. [CrossRef]

125. Busch, R.; Rinderknecht, C.H.; Roh, S.; Lee, A.W.; Harding, J.J.; Burster, T.; Hornell, T.M.; Mellins, E.D. Achieving stability
through editing and chaperoning: Regulation of MHC class II peptide binding and expression. Immunol. Rev. 2005, 207, 242–260.
[CrossRef]

126. Zhang, T.; Maekawa, Y.; Yasutomo, K.; Ishikawa, H.; Fawzy Nashed, B.; Dainichi, T.; Hisaeda, H.; Sakai, T.; Kasai, M.; Mizuochi,
T.; et al. Pepstatin A-sensitive aspartic proteases in lysosome are involved in degradation of the invariant chain and antigen-
processing in antigen presenting cells of mice infected with Leishmania major. Biochem. Biophys. Res. Commun. 2000, 276, 693–701.
[CrossRef]

127. Kozak, A.; Mikhaylov, G.; Khodakivskyi, P.; Goun, E.; Turk, B.; Vasiljeva, O. A New Cathepsin D Targeting Drug Delivery System
Based on Immunoliposomes Functionalized with Lipidated Pepstatin A. Pharmaceutics 2023, 15, 2464. [CrossRef]

128. Rebmann, V.; Dornmair, K.; Grosse-Wilde, H. Biochemical analysis of plasma-soluble invariant chains and their complex formation
with soluble HLA-DR. Tissue Antigens 1997, 49, 438–442. [CrossRef]

129. Soppert, J.; Kraemer, S.; Beckers, C.; Averdunk, L.; Möllmann, J.; Denecke, B.; Goetzenich, A.; Marx, G.; Bernhagen, J.; Stoppe, C.
Soluble CD74 Reroutes MIF/CXCR4/AKT-Mediated Survival of Cardiac Myofibroblasts to Necroptosis. J. Am. Heart Assoc. 2018,
7, e009384. [CrossRef]

130. Wu, G.; Sun, Y.; Wang, K.; Chen, Z.; Wang, X.; Chang, F.; Li, T.; Feng, P.; Xia, Z. Relationship between elevated soluble CD74 and
severity of experimental and clinical ALI/ARDS. Sci. Rep. 2016, 6, 30067. [CrossRef]

131. Arai, J.; Otoyama, Y.; Nozawa, H.; Kato, N.; Yoshida, H. The immunological role of ADAMs in the field of gastroenterological
chronic inflammatory diseases and cancers: A review. Oncogene 2023, 42, 549–558. [CrossRef]

132. Mochizuki, S.; Ao, T.; Sugiura, T.; Yonemura, K.; Shiraishi, T.; Kajiwara, Y.; Okamoto, K.; Shinto, E.; Okada, Y.; Ueno, H. Expression
and Function of a Disintegrin and Metalloproteinases in Cancer-Associated Fibroblasts of Colorectal Cancer. Digestion 2020, 101,
18–24. [CrossRef]

133. Seegar, T.C.M.; Killingsworth, L.B.; Saha, N.; Meyer, P.A.; Patra, D.; Zimmerman, B.; Janes, P.W.; Rubinstein, E.; Nikolov, D.B.;
Skiniotis, G.; et al. Structural Basis for Regulated Proteolysis by the α-Secretase ADAM10. Cell 2017, 171, 1638–1648.e7. [CrossRef]

134. Mihelic, M.; Dobersek, A.; Guncar, G.; Turk, D. Inhibitory fragment from the p41 form of invariant chain can regulate activity of
cysteine cathepsins in antigen presentation. J. Biol. Chem. 2008, 283, 14453–14460. [CrossRef] [PubMed]

135. Lindner, R. Invariant Chain Complexes and Clusters as Platforms for MIF Signaling. Cells 2017, 6, 6. [CrossRef] [PubMed]
136. Hitzel, C.; Kanzler, H.; König, A.; Kummer, M.P.; Brix, K.; Herzog, V.; Koch, N. Thyroglobulin type-I-like domains in invariant

chain fusion proteins mediate resistance to cathepsin L digestion. FEBS Lett. 2000, 485, 67–70. [CrossRef]
137. Turk, B.; Dolenc, I.; Turk, V.; Bieth, J.G. Kinetics of the pH-induced inactivation of human cathepsin L. Biochemistry 1993, 32,

375–380. [CrossRef]
138. Turk, B.; Dolenc, I.; Lenarcic, B.; Krizaj, I.; Turk, V.; Bieth, J.G.; Björk, I. Acidic pH as a physiological regulator of human cathepsin

L activity. Eur. J. Biochem. 1999, 259, 926–932. [CrossRef]
139. Turk, B.; Bieth, J.G.; Björk, I.; Dolenc, I.; Turk, D.; Cimerman, N.; Kos, J.; Colic, A.; Stoka, V.; Turk, V. Regulation of the activity of

lysosomal cysteine proteinases by pH-induced inactivation and/or endogenous protein inhibitors, cystatins. Biol. Chem. Hoppe
Seyler 1995, 376, 225–230. [CrossRef] [PubMed]

140. Ogrinc, T.; Dolenc, I.; Ritonja, A.; Turk, V. Purification of the complex of cathepsin L and the MHC class II-associated invariant
chain fragment from human kidney. FEBS Lett. 1993, 336, 555–559. [CrossRef]

141. Wilkinson, R.D.; Magorrian, S.M.; Williams, R.; Young, A.; Small, D.M.; Scott, C.J.; Burden, R.E. CCL2 is transcriptionally
controlled by the lysosomal protease cathepsin S in a CD74-dependent manner. Oncotarget 2015, 6, 29725–29739. [CrossRef]

142. Beswick, E.J.; Pinchuk, I.V.; Minch, K.; Suarez, G.; Sierra, J.C.; Yamaoka, Y.; Reyes, V.E. The Helicobacter pylori urease B subunit
binds to CD74 on gastric epithelial cells and induces NF-kappaB activation and interleukin-8 production. Infect. Immun. 2006, 74,
1148–1155. [CrossRef]

143. Zhou, C.; Lu, L.; Tan, S.; Jiang, S.; Chen, Y.H. HIV-1 glycoprotein 41 ectodomain induces activation of the CD74 protein-mediated
extracellular signal-regulated kinase/mitogen-activated protein kinase pathway to enhance viral infection. J. Biol. Chem. 2011,
286, 44869–44877. [CrossRef]

144. Hussain, A.; Wesley, C.; Khalid, M.; Chaudhry, A.; Jameel, S. Human immunodeficiency virus type 1 Vpu protein interacts with
CD74 and modulates major histocompatibility complex class II presentation. J. Virol. 2008, 82, 893–902. [CrossRef]

145. Zhu, C.S.; Qiang, X.; Chen, W.; Li, J.; Lan, X.; Yang, H.; Gong, J.; Becker, L.; Wang, P.; Tracey, K.J.; et al. Identification of
procathepsin L (pCTS-L)-neutralizing monoclonal antibodies to treat potentially lethal sepsis. Sci. Adv. 2023, 9, eadf4313.
[CrossRef]

146. Tokarzewicz, A.; Romanowicz, L.; Sankiewicz, A.; Hermanowicz, A.; Sobolewski, K.; Gorodkiewicz, E. A New Analytical Method
for Determination of Cathepsin L Based on the Surface Plasmon Resonance Imaging Biosensor. Int. J. Mol. Sci. 2019, 20, 2166.
[CrossRef] [PubMed]

https://doi.org/10.1074/jbc.M114.584391
https://doi.org/10.1111/j.0105-2896.2005.00306.x
https://doi.org/10.1006/bbrc.2000.3538
https://doi.org/10.3390/pharmaceutics15102464
https://doi.org/10.1111/j.1399-0039.1997.tb02776.x
https://doi.org/10.1161/JAHA.118.009384
https://doi.org/10.1038/srep30067
https://doi.org/10.1038/s41388-022-02583-5
https://doi.org/10.1159/000504087
https://doi.org/10.1016/j.cell.2017.11.014
https://doi.org/10.1074/jbc.M801283200
https://www.ncbi.nlm.nih.gov/pubmed/18362148
https://doi.org/10.3390/cells6010006
https://www.ncbi.nlm.nih.gov/pubmed/28208600
https://doi.org/10.1016/S0014-5793(00)02189-X
https://doi.org/10.1021/bi00052a046
https://doi.org/10.1046/j.1432-1327.1999.00145.x
https://doi.org/10.1515/bchm3.1995.376.4.225
https://www.ncbi.nlm.nih.gov/pubmed/7626231
https://doi.org/10.1016/0014-5793(93)80875-U
https://doi.org/10.18632/oncotarget.5065
https://doi.org/10.1128/IAI.74.2.1148-1155.2006
https://doi.org/10.1074/jbc.M111.267393
https://doi.org/10.1128/JVI.01373-07
https://doi.org/10.1126/sciadv.adf4313
https://doi.org/10.3390/ijms20092166
https://www.ncbi.nlm.nih.gov/pubmed/31052424


Cells 2025, 14, 1960 22 of 23

147. Wang, F.; Baverel, V.; Chaumonnot, K.; Bourragat, A.; Bellenger, J.; Bellenger, S.; Zhou, W.; Narce, M.; Garrido, C.; Kohli, E. The
endoplasmic reticulum stress protein GRP94 modulates cathepsin L activity in M2 macrophages in conditions of obesity-associated
inflammation and contributes to their pro-inflammatory profile. Int. J. Obes. 2024, 48, 830–840. [CrossRef] [PubMed]

148. Liu, C.L.; Guo, J.; Zhang, X.; Sukhova, G.K.; Libby, P.; Shi, G.P. Cysteine protease cathepsins in cardiovascular disease: From basic
research to clinical trials. Nat. Rev. Cardiol. 2018, 15, 351–370. [CrossRef]

149. Feldreich, T.; Carlsson, A.C.; Risérus, U.; Larsson, A.; Lind, L.; Ärnlöv, J. The association between serum cathepsin L and mortality
in older adults. Atherosclerosis 2016, 254, 109–116. [CrossRef] [PubMed]

150. Wang, L.; He, W.; Yu, X.; Hu, D.; Bao, M.; Liu, H.; Zhou, J.; Jiang, H. Coronavirus disease 2019 in elderly patients: Characteristics
and prognostic factors based on 4-week follow-up. J. Infect. 2020, 80, 639–645. [CrossRef]

151. Moccia, F.; Gerbino, A.; Lionetti, V.; Miragoli, M.; Munaron, L.M.; Pagliaro, P.; Pasqua, T.; Penna, C.; Rocca, C.; Samaja, M.; et al.
COVID-19-associated cardiovascular morbidity in older adults: A position paper from the Italian Society of Cardiovascular
Researches. Geroscience 2020, 42, 1021–1049. [CrossRef]

152. Sattar, N.; McInnes, I.B.; McMurray, J.J.V. Obesity Is a Risk Factor for Severe COVID-19 Infection: Multiple Potential Mechanisms.
Circulation 2020, 142, 4–6. [CrossRef]

153. Borghese, F.; Clanchy, F.I. CD74: An emerging opportunity as a therapeutic target in cancer and autoimmune disease. Expert Opin.
Ther. Targets 2011, 15, 237–251. [CrossRef]

154. Xu, S.; Zhang, X.; Chen, Y.; Ma, Y.; Deng, J.; Gao, X.; Guan, S.; Pan, F. Anti-CD74 antibodies in spondyloarthritis: A systematic
review and meta-analysis. Semin. Arthritis Rheum. 2021, 51, 7–14. [CrossRef] [PubMed]

155. Liu, W.; Wang, C.; Liang, L.; Zhang, C.; Li, Y.; Xiao, J.; Zeng, R.; Li, J.; Lin, Z.; Huang, Q.; et al. Single-cell RNA sequencing
analysis revealed the immunosuppressive remodeling of tumor-associated macrophages mediated by the MIF-CD74 axis in
gastric cancer. Sci. Rep. 2025, 15, 26883. [CrossRef] [PubMed]

156. Bararia, D.; Hildebrand, J.A.; Stolz, S.; Haebe, S.; Alig, S.; Trevisani, C.P.; Osorio-Barrios, F.; Bartoschek, M.D.; Mentz, M.; Pastore,
A.; et al. Cathepsin S Alterations Induce a Tumor-Promoting Immune Microenvironment in Follicular Lymphoma. Cell Rep. 2020,
31, 107522. [CrossRef] [PubMed]

157. Zhang, X.Y.; Elfarra, A.A. Identification and characterization of a series of nucleoside adducts formed by the reaction of
2′-deoxyguanosine and 1,2,3,4-diepoxybutane under physiological conditions. Chem. Res. Toxicol. 2003, 16, 1606–1615. [CrossRef]

158. Velcicky, J.; Mathison, C.J.N.; Nikulin, V.; Pflieger, D.; Epple, R.; Azimioara, M.; Cow, C.; Michellys, P.Y.; Rigollier, P.; Beisner,
D.R.; et al. Discovery of Orally Active Hydroxyethylamine Based SPPL2a Inhibitors. ACS Med. Chem. Lett. 2019, 10, 887–892.
[CrossRef]

159. Sabnis, R.W. Diazepinone Compounds as Sppl2a Inhibitors for Treating Autoimmune Diseases and Lymphomas. ACS Med. Chem.
Lett. 2022, 13, 881–882. [CrossRef]

160. Mentrup, T.; Loock, A.C.; Fluhrer, R.; Schröder, B. Signal peptide peptidase and SPP-like proteases—Possible therapeutic targets?
Biochim. Biophys. Acta—Mol. Cell Res. 2017, 1864, 2169–2182. [CrossRef]

161. Rot, A.E.; Hrovatin, M.; Bokalj, B.; Lavrih, E.; Turk, B. Cysteine cathepsins: From diagnosis to targeted therapy of cancer. Biochimie
2024, 226, 10–28. [CrossRef]

162. Senjor, E.; Kos, J.; Nanut, M.P. Cysteine Cathepsins as Therapeutic Targets in Immune Regulation and Immune Disorders.
Biomedicines 2023, 11, 476. [CrossRef] [PubMed]

163. Cianni, L.; Feldmann, C.W.; Gilberg, E.; Gütschow, M.; Juliano, L.; Leitão, A.; Bajorath, J.; Montanari, C.A. Can Cysteine Protease
Cross-Class Inhibitors Achieve Selectivity? J. Med. Chem. 2019, 62, 10497–10525. [CrossRef] [PubMed]

164. Barchielli, G.; Capperucci, A.; Tanini, D. Therapeutic cysteine protease inhibitors: A patent review (2018–present). Expert Opin.
Ther. Pat. 2024, 34, 17–49. [CrossRef] [PubMed]

165. Petruzzella, A.; Bruand, M.; Santamaria-Martínez, A.; Katanayeva, N.; Reymond, L.; Wehrle, S.; Georgeon, S.; Inel, D.; van Dalen,
F.J.; Viertl, D.; et al. Antibody-peptide conjugates deliver covalent inhibitors blocking oncogenic cathepsins. Nat. Chem. Biol. 2024,
20, 1188–1198. [CrossRef]

166. Berkova, Z.; Tao, R.H.; Samaniego, F. Milatuzumab—A promising new immunotherapeutic agent. Expert Opin. Investig. Drugs
2010, 19, 141–149. [CrossRef]

167. Wu, S.Y.; Jin, X.; Liu, Y.; Wang, Z.Y.; Zuo, W.J.; Ma, D.; Xiao, Y.; Fu, T.; Xiao, Y.L.; Chen, L.; et al. Mobilizing antigen-presenting
mast cells in anti-PD-1-refractory triple-negative breast cancer: A phase 2 trial. Nat. Med. 2025, 31, 2405–2415. [CrossRef]

168. Cao, L.; Wang, X.; Liu, X.; Meng, W.; Guo, W.; Duan, C.; Liang, X.; Kang, L.; Lv, P.; Lin, Q.; et al. Tumor Necrosis Factor
α-Dependent Lung Inflammation Promotes the Progression of Lung Adenocarcinoma Originating from Alveolar Type II Cells by
Upregulating MIF-CD74. Lab. Investig. 2023, 103, 100034. [CrossRef]

169. Yang, L.; Kong, Y.; Ren, H.; Li, M.; Wei, C.J.; Shi, E.; Jin, W.N.; Hao, J.; Vandenbark, A.A.; Offner, H. Upregulation of CD74 and its
potential association with disease severity in subjects with ischemic stroke. Neurochem. Int. 2017, 107, 148–155. [CrossRef]

https://doi.org/10.1038/s41366-024-01478-7
https://www.ncbi.nlm.nih.gov/pubmed/38351251
https://doi.org/10.1038/s41569-018-0002-3
https://doi.org/10.1016/j.atherosclerosis.2016.09.062
https://www.ncbi.nlm.nih.gov/pubmed/27718373
https://doi.org/10.1016/j.jinf.2020.03.019
https://doi.org/10.1007/s11357-020-00198-w
https://doi.org/10.1161/CIRCULATIONAHA.120.047659
https://doi.org/10.1517/14728222.2011.550879
https://doi.org/10.1016/j.semarthrit.2020.12.002
https://www.ncbi.nlm.nih.gov/pubmed/33340822
https://doi.org/10.1038/s41598-025-10301-w
https://www.ncbi.nlm.nih.gov/pubmed/40707596
https://doi.org/10.1016/j.celrep.2020.107522
https://www.ncbi.nlm.nih.gov/pubmed/32330423
https://doi.org/10.1021/tx0341355
https://doi.org/10.1021/acsmedchemlett.9b00044
https://doi.org/10.1021/acsmedchemlett.2c00190
https://doi.org/10.1016/j.bbamcr.2017.06.007
https://doi.org/10.1016/j.biochi.2024.09.001
https://doi.org/10.3390/biomedicines11020476
https://www.ncbi.nlm.nih.gov/pubmed/36831012
https://doi.org/10.1021/acs.jmedchem.9b00683
https://www.ncbi.nlm.nih.gov/pubmed/31361135
https://doi.org/10.1080/13543776.2024.2327299
https://www.ncbi.nlm.nih.gov/pubmed/38445468
https://doi.org/10.1038/s41589-024-01627-z
https://doi.org/10.1517/13543780903463854
https://doi.org/10.1038/s41591-025-03776-7
https://doi.org/10.1016/j.labinv.2022.100034
https://doi.org/10.1016/j.neuint.2016.11.007


Cells 2025, 14, 1960 23 of 23

170. Cohen, S.; Shoshana, O.Y.; Zelman-Toister, E.; Maharshak, N.; Binsky-Ehrenreich, I.; Gordin, M.; Hazan-Halevy, I.; Herishanu, Y.;
Shvidel, L.; Haran, M.; et al. The cytokine midkine and its receptor RPTPζ regulate B cell survival in a pathway induced by CD74.
J. Immunol. 2012, 188, 259–269. [CrossRef]

171. Ezaki, A.; Yano, H.; Pan, C.; Fujiwara, Y.; Anami, T.; Ibe, Y.; Motoshima, T.; Yatsuda, J.; Esumi, S.; Miura, Y.; et al. Potential
protumor function of CD74 in clear cell renal cell carcinoma. Hum. Cell 2024, 37, 1535–1543. [CrossRef]

172. Gai, J.W.; Wahafu, W.; Song, L.; Ping, H.; Wang, M.; Yang, F.; Niu, Y.; Qing, W.; Xing, N. Expression of CD74 in bladder cancer
and its suppression in association with cancer proliferation, invasion and angiogenesis in HT-1376 cells. Oncol. Lett. 2018, 15,
7631–7638. [CrossRef]

173. Loreth, D.; Schuette, M.; Zinke, J.; Mohme, M.; Piffko, A.; Schneegans, S.; Stadler, J.; Janning, M.; Loges, S.; Joosse, S.A.; et al. CD74
and CD44 Expression on CTCs in Cancer Patients with Brain Metastasis. Int. J. Mol. Sci. 2021, 22, 6993. [CrossRef] [PubMed]

174. Wang, D.; Li, S.; Yang, Z.; Yu, C.; Wu, P.; Yang, Y.; Zhang, R.; Li, Q.; Yang, J.; Li, H.; et al. Single-cell transcriptome analysis
deciphers the CD74-mediated immune evasion and tumour growth in lung squamous cell carcinoma with chronic obstructive
pulmonary disease. Clin. Transl. Med. 2024, 14, e1786. [CrossRef] [PubMed]

175. Potru, P.S.; Spittau, B. CD74: A prospective marker for reactive microglia? Neural Regen. Res. 2023, 18, 2673–2674. [CrossRef]
[PubMed]

176. Costanza, M.; Giordano, C.; von Brünneck, A.C.; Zhao, J.; Makky, A.; Vinh, K.; Montes-Mojarro, I.A.; Reisinger, F.; Forchhammer,
S.; Witalisz-Siepracka, A.; et al. Preclinical in vitro and in vivo evidence for targeting CD74 as an effective treatment strategy for
cutaneous T-cell lymphomas. Br. J. Dermatol. 2025, 192, 883–895. [CrossRef]

177. Shi, X.; Wu, Y.; Ni, H.; Li, M.; Qi, B.; Xu, Y. Macrophage migration inhibitory factor (MIF) inhibitor iSO-1 promotes staphylococcal
protein A-induced osteogenic differentiation by inhibiting NF-κB signaling pathway. Int. Immunopharmacol. 2023, 115, 109600.
[CrossRef]

178. Ramezani, A.; Varshosaz, J.; Darash, S.; Ebne-Ali-Heydari, Y. A comprehensive systematic review of Ibudilast as a neuroprotective
therapy for progressive multiple sclerosis. Mult. Scler. Relat. Disord. 2025, 104, 106807. [CrossRef]

179. Tran, T.T.; Sánchez-Zuno, G.A.; Osmani, L.; Caulfield, J.; Valdez, C.N.; Piecychna, M.; Leng, L.; Armstrong, M.E.; Donnelly, S.C.;
Bifulco, C.B.; et al. Improving immunotherapy responses by dual inhibition of macrophage migration inhibitory factor and PD-1.
JCI Insight 2025, 10, e191539. [CrossRef]

180. Harrison, N.; Koo, C.Z.; Tomlinson, M.G. Regulation of ADAM10 by the TspanC8 Family of Tetraspanins and Their Therapeutic
Potential. Int. J. Mol. Sci. 2021, 22, 6707. [CrossRef]

181. Okamoto, C.K.; van den Berg, C.W.; Pohl, P.C.; Tambourgi, D.V. Role of the complement system in kidney cell death induced by
Loxosceles venom Sphingomyelinases D. Arch. Toxicol. 2024, 98, 1561–1572. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4049/jimmunol.1101468
https://doi.org/10.1007/s13577-024-01110-w
https://doi.org/10.3892/ol.2018.8309
https://doi.org/10.3390/ijms22136993
https://www.ncbi.nlm.nih.gov/pubmed/34209696
https://doi.org/10.1002/ctm2.1786
https://www.ncbi.nlm.nih.gov/pubmed/39113235
https://doi.org/10.4103/1673-5374.371350
https://www.ncbi.nlm.nih.gov/pubmed/37449617
https://doi.org/10.1093/bjd/ljaf001
https://doi.org/10.1016/j.intimp.2022.109600
https://doi.org/10.1016/j.msard.2025.106807
https://doi.org/10.1172/jci.insight.191539
https://doi.org/10.3390/ijms22136707
https://doi.org/10.1007/s00204-024-03711-8
https://www.ncbi.nlm.nih.gov/pubmed/38498159

	Introduction 
	Localization and Function 
	Endolysosomal CD74 
	Cell Surface CD74 

	Gene Structure and Expression Control Mechanisms 
	Protein Domains of CD74 and Their Multifunctional Roles 
	Extracellular Domain 
	Transmembrane Domain 
	Intracellular (Cytoplasmic) Domain 
	Mechanistic Link Between Intracellular Trafficking and Surface Receptor Function of CD74 

	Proteolytic Interaction and Functional Implications 
	Intramembrane Cleavage of CD74 
	Endosomal Degradation of CD74 
	Cell Surface CD74 Can Interact with Extracellular Proteases 

	Potential Therapeutic Targets in Proteolysis of CD74 
	Conclusions 
	References

