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DPP4/CD26 is a single-pass transmembrane protein with multiple functions on glycemic control, cell migration and

proliferation, and the immune system, among others. It has acquired an especial relevance due to the possibility to act as

a receptor or co-receptor for SARS-CoV-2, as it has been already demonstrated for other coronaviruses. The broad

spectrum of functions regulated by DPP4 is performed both as a protease enzyme, as well as an interacting partner of

other molecules on the cell surface. 
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1. Introduction

The dipeptidyl peptidase 4 (DPP4, EC 3.4.14.5) was described for the first time in 1966 . It is also known as T-cell

activation antigen CD26 , or adenosine deaminase binding protein (ADBP) . Its diverse terminology reflects the

multifunctional or moonlighting character of the protein. The functions of such kind of proteins depend on their intracellular

or extracellular localization, cell type, monomeric or oligomeric state, and concentration of substrates and ligands . In

the case of DPP4, its actions do not only rely on its catalytic activity as a peptidase, but also on its own structure, given

that DPP4 can bind to several proteins, like adenosine deaminase (ADA), fibronectin, collagen, chemokine receptor

CXCR4, tyrosine phosphatase CD45, and even some viral proteins such as the Human Immunodeficiency Virus (HIV)

gp120 envelope protein. Thus, it regulates multiple cellular processes, playing a role in adhesion to the extracellular

matrix, proliferation, and in T-cell maturation and activity.

Recently, DPP4 has acquired certain relevance in the scenario of the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) infection, due to its potential role as a cellular entry receptor or co-receptor for the virus. Although this

hypothesis needs to be further elucidated, data from clinical studies indicate that DPP4 participates in the coronavirus

disease 2019 (COVID-19) physiopathology and therefore is a therapeutic target for this disease. The most prevalent

comorbidities in SARS-CoV-2-infected patients were hypertension and diabetes, followed by cardiovascular diseases and

respiratory system disease . Interestingly, DPP4 has a striking role in these disorders, especially on type 2 diabetes

mellitus (T2DM).

2. Structure of DPP4

DPP4 is a type II transmembrane glycoprotein  of 766 amino acids  and 110 kDa of molecular weight . It is a

serine exopeptidase belonging to the clan SC, family S9, and specifically to the S9B protein subfamily, based on the

hierarchical and structural criteria of the MEROPS database . Peptidases of the SC clan present an atypical sequential

order of the catalytic residues Ser-Arg-His (in the case of DPP4, at positions 630, 708, and 740), instead of His-Arg-Ser

as in the classical serine proteases . The S9B subfamily is characterized by the motif Gly-Trp-Ser-Tyr-Gly-Gly-Tyr

around the Ser630 located in the active site . Other members belonging to this subfamily are fibroblast activation

protein (FAP), resident cytoplasmic proteins (DPP8 and DPP9), and non-enzymatic members such as DPP6 and DPP10

. They are also known as DPP4 activity and/or structure homologue (DASH) proteins.

The primary structure shows an N-terminal cytoplasmic domain of six amino acids (aa), a transmembrane segment of 22

aa, and a larger extracellular part of 738 aa . In turn, the extracellular part comprises a short flexible stalk

(aa 29–39), a glycosylation-rich region (aa 101–350), a cysteine-rich region (aa 55–100, 351–497), and a catalytic domain

(aa 506–766) . Analysis of the crystal structure of DPP4 distinguishes two domains in the extracellular part: a β-

propeller and a catalytic α/β hydrolase domain . The β-propeller is open, has eight blades  and encompasses two

subdomains: the glycosylation-rich region (blades II–V) and the cysteine-rich region (blades VI–VIII) . The

regions constituting the β-propeller could serve to interact with other proteins and be involved in non-enzymatic functions
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of DPP4 . For example, ADA binds to the glycosylation-rich region of DPP4, and matrix proteins such as collagen to the

cysteine-rich region . On the other hand, the α/β hydrolase domain harbors the catalytic triad

(Ser630/Asp708/His740) required for DPP4 activity . Two openings can be distinguished in the DPP4 monomer

through which the active site could be accessed, (i) a lateral one formed by the β-propeller, and the α/β hydrolase domain;

and (ii) a smaller one constituted by the β-propeller domain . It is suggested that the entry of the substrate into the

active center occurs through the side entry since the peptide in this way would be correctly oriented for cleavage and

because the exit of the resulting peptide occurs through the funnel localized in the middle of the β-propeller domain .

During the translation, the typical signal peptide that allows DPP4 to be driven to the endoplasmic reticulum is also

needed to initiate the translocation across the membrane and further serves as membrane anchor . Then, DPP4 can

undergo several modifications, like N-glycosylation , oxidation , sialylation, and phosphorylation . N-glycosylation

has been linked to folding and stability, while sialylation at the N-terminal end has been related to the trafficking of DPP4

to the cell apical membrane . Once in the membrane, DPP4 usually forms dimers, which is considered a prerequisite

for carrying out its enzymatic activity . Normally, two DPP4 proteins are located close together and form a U-shaped

homodimer . The arms of the U are formed by β-propeller domains and are located distal to the plasma membrane.

The curvature of the U, which is located proximal to the membrane, is constituted by the α/β-hydrolase domains that

harbor the catalytic triad .

DPP4 protein can be cleaved from the membrane by metalloproteases (MMPs), yielding to a process called shedding 

. As a consequence, the soluble and catalytically active form of DPP4 is released and migrates in fluids such as

serum, saliva, bile, cerebrospinal fluid, and semen . Soluble DPP4 (sDPP4) usually circulates as a dimer although it

can also assemble and form larger complexes . This soluble form of DPP4 is given an immunoregulatory role 

and is thought to activate cell signaling pathways, although the mechanisms involved remain unknown . Serum levels of

sDPP4 have been linked to a multitude of diseases .

The expression of DPP4 is regulated at the molecular level. It has been described that the promoter region of the DPP4-

enconding gene possesses a G and C-rich region. This serves as a binding site for transcription factors such as NF-kB,

EGFR, AP-1, among others, which participate in the regulation of protein expression . The participation of several

cytokines such as IL-12 , and other transcription factors such as HIF-1α , has also been described in this regulation.

Regarding its localization, the DPP4 protein is usually ubiquitously distributed throughout the organism . It has been

localized in the epithelium and endothelium of a large number of organs  such as kidney, lung, liver, intestine, brain,

heart, prostate, pancreas, and skeletal muscle . It is also expressed in immune cells , as described

below.

3. Physiological Role of DPP4

This enzyme catalyzes the digestion of multiple chemokines, neuropeptides, and regulatory peptides, preferentially when

containing a proline residue at the penultimate position of the amino-terminal region, releasing a dipeptide. However,

DPP4 also cleaves peptides bearing alternative residues at position 2, such as hydroxyproline, dehydroproline > alanine,

glycine, threonine, valine, or leucine , although only oligopeptides in the trans conformation are able to bind to the active

site . The resulting inactivated or new bioactive peptides answer for the diverse biological processes that DPP4

regulates. Many approaches have tried to determine the DPP4 degradome. Those methods include pharmacological in

vitro assays, where putative DPP4 substrates are incubated with purified sDPP4, extracts of cells expressing endogenous

or transfected DPP4, or plasma containing DPP4. In addition, there are more challenging physiological in vivo

experiments, in which native substrates are studied in animals or humans treated with DPP4 inhibitors (reviewed in ).

Peptides that showed a difference between the intact and cleaved fraction, in the presence or absence of DPP4, are

considered substrates of the enzyme.

Several of the best-known substrates of DPP4 include incretins, substance P, neuropeptide Y, stromal cell-derived factor

1α/β (SDF-1α/β), granulocyte-macrophage colony-stimulating factor (GM-CSF), CXCL10, brain natriuretic peptide (BNP),

and pituitary adenylate cyclase-activating polypeptide (PACAP) . However, the functions of DPP4 do not only rely on its

hydrolyzing activity, but also on its own structure, by interacting with multiple factors. Thus, overall, DPP4 performs

multiple activities in metabolism, cardiovascular system, immunology, endocrinology, fibrosis, and cancer . It is related

to cellular processes like glycemic control, cell migration and proliferation, or the immune system and associated

inflammatory processes.
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3.1. Physiological Role of DPP4 in Glycemic Control

DPP4 is involved in the endogenous control of glycemia, being physiologically or pharmacology related to the degradation

of glucagon, glucagon-like peptide-1 (GLP-1) and -2 (GLP-2), gastric inhibitory peptide or glucose-dependent

insulinotropic polypeptide (GIP), and gastrin-releasing peptide (GRP) . Physiologically, after oral meal intake, several

gastrointestinal hormones called incretins are secreted into the bloodstream to allow the improvement of peripheral

glucose tolerance by stimulating postprandial insulin secretion in the pancreas. More than 90% of incretin activity is

performed by GLP-1 and GIP . GIP is produced predominantly in duodenal K cells in the proximal small intestine,

whereas GLP-1 is secreted from distal intestinal L cells, rather before the digested nutrients cross the small bowel to

contact directly with these enteroendocrine cells, so neural and endocrine factors are expected to promote GLP-1

secretion . Both GLP-1 and GIP promote pancreatic β cell proliferation and inhibit apoptosis, contributing to the

expansion of these cells, and to the insulin secretion they produce . Interestingly, both incretins contain an alanine

residue at position 2 in the N-terminal end, and they have been demonstrated as physiological endogenous substrates of

DPP4 . Plasma levels of intact active GLP-1 and GIP are increased in Dpp4  mice , as well as in animals and

humans treated with DPP4 inhibitors . Fisher344/DuCrj rats with reduced DPP4 activity also showed increased

levels of intact GLP-1 .

Inactivation of these incretins via DPP4 digestion occurs quickly, given that their half-lives have been estimated around 1–

2 min for GLP-1 and 7 min for GIP , along with the kidney clearance. GIP is a 42-amino acid hormone, being active

in its full-length GIP  and inactive when truncated as GIP  by DPP4. On the other hand, GLP-1 proceeded from

proglucagon, which in intestinal L cells, is cleaved by the prohormone convertase 1 (PC1), also known as PC1/3 or

PCSK1. The resulting GLP-1 forms include full-length GLP-1  (or GLP-1 ) which has lower insulinotropic

efficacies, as well as the truncated GLP-1  and GLP-1 , which are potent stimulating insulin secretion 

. In humans, ~80% of circulating active GLP-1 is 7–36 amide, and ~20% the 7–37 form . In that case, DPP4-

mediated digestion takes place over the already PC1-truncated forms of GLP-1, rendering GLP-1  and GLP-1 ,

ligands with low affinity for the GLP-1 receptor . In the intestine, DPP4 is highly expressed in the brush border

epithelium as well as in the endothelial cells, suggesting that GLP-1  and GLP-1  are digested in the capillaries

of the distal gut with only around 10–15% of active GLP-1 reaching the bloodstream . The GLP-1 metabolites

yielded by DPP4 cleavage have no major roles in glucose metabolism, glucose clearance, or insulin secretion in healthy

humans. In spite of that, in one experiment in obese humans, it has been reported that GLP-1  is a weak insulin

segretagogue, and its administration improves glucose handling without affecting insulin secretion (reviewed in ).

Thus, DPP4 limits the action of incretins that, when are intact, arrive through the circulation to the pancreas. Briefly, GLP-

1 contacts in the pancreas with its receptor (GLP-1R), a G-protein-coupled receptor predominantly localized in β cells.

This connection activates the adenylate cyclase (AC), stimulating cyclic AMP formation and subsequently the protein

kinase A (PKA), along with signaling via exchange proteins activated by cAMP (i.e., Epac), such as cAMP-guanine

nucleotide exchange factor (GEF)-II. Consequently, voltage-gated K  (K ) and K  channels are inhibited, while L-type

voltage-dependent Ca  channels are opened, leading to the increase of intracellular calcium that promotes exocytosis of

the insulin granules and its acute secretion into the circulation . Furthermore, the GIP receptor is also found in β cells

and its activation is also coupled to AC, cAMP, and Ca  influx, which produce the release of insulin . GIP signaling also

proceeds through the extracellular signal-regulated kinases 1 and 2 (ERK 1/2), phosphatidylinositol 3-kinase (PI3K), and

protein kinase B (Akt), among others.

3.2. Physiological Role of DPP4 in the Immune System

Besides the effects on glucose homeostasis by its enzymatic activity, DPP4 has pleotropic immune regulatory actions

mostly mediated by protein–protein interactions. In fact, DPP4 is expressed in many types of immune cells including T

cells, B cells, natural killer cells (NKs), dendritic cells (DCs), and macrophages . In this line, DPP4 has many

recognized partners, with implications in the immune system and T cell function, such as adenosine deaminase (ADA),

caveolin-1, the protein tyrosine phosphatase CD45, CXCR4, collagen (especially 1 and 3), fibronectin, glypican 3,

caspase-recruitment domain containing 1 (CARMA-1), or the mannose 6-phosphate/insulin-like growth factor II receptor

(M6P/IgFr2) (  and references herein).

One of the most relevant partners of DPP4 is ADA, given that its presence assures the functionality of T, B, and NK cells,

as well as an adequate cellular and humoral immunity. ADA deficiency causes early-onset severe combined

immunodeficiency, increasing the susceptibility to suffer from infections . The presence of DPP4 in the membrane of

immune cells permits the accumulation of ADA on the cell surface, by acting as an ADA-anchoring factor. ADA also has

implications in inflammation, as it will be described below. On the other hand, the interaction of DPP4 with CD45 occurs
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by its intracellular domain, causing the recruitment of both enzymes on lipid rafts and facilitating the co-localization of

CD45 and T cell receptor (TCR) signaling molecules. These facts inhibit CD45 dimerization and activity, thereby

enhancing protein tyrosine phosphorylation of various signaling pathways with key roles in T cell activation . Activation

of peripheral blood T cells results in the subsequent mannose-6-phosphorylation of DPP4. Then, DPP4 can bind to the

M6P/IgFr2 receptor that induces its internalization, playing an important role in DPP4-mediated T cell co-stimulation .

Furthermore, DPP4 interacts with caveolin-1 on antigen-presenting cells, enhancing CD86 expression, T-cell proliferation,

and NF-κB activation. Overall, DPP4 is considered a marker protein for T cell function .

4. DPP4 in COVID-19

4.1. Interaction between Coronaviruses and DPP4

Human-infective coronaviruses utilize host surface cellular receptors to bind and infect the mammalian cell. In this sense,

cellular entry depends on the binding of the spike glycoprotein (S) to a specific cell membrane protease that acts as a

receptor, along with the subsequent cleavage of S glycoprotein at two sites by distinct proteases, firstly by Furin and then

by the type II transmembrane cellular protease serine 2 (TMPRSS2). The S spike protein is composed of two domains:

the S1, responsible for host cell receptor recognition; and S2, which mediates virus entry into the cell. The S1 domain

contains the receptor-binding domain (RBD) while the S2 subunit is the one that inserts into the cell membrane containing

a single-pass transmembrane anchor, and a short intracellular tail. Once RBD interacts with the receptor, Furin cuts the S

protein at the S1/S2 interaction, dividing S1 and S2, and then, TMPRSS2 cleaves the S2 domain. Cleavage releases the

constriction that S1 exerts on S2 and relaxes the structure of S2, allowing the formation of a fusion protein that inserts into

the cell membrane inducing endocytosis of the entire viral particle. Viral entry is also dependent on the activity of

cathepsin B/L which can be a substitute for TMPRSS. Then, virus recognition occurs when the S protein interacts with the

membrane protease, which facilitates membrane fusion at the plasma membrane .

Comparing the Spike S protein of the coronaviruses SARS-CoV-2, SARS-CoVs, and MERS-CoV, the longest S protein is

that of MERS-CoV with a further 80aa than the SARS-CoV-2 S protein, which in turn is 18 aa longer than that of SARS-

CoV . Most of the variation relies on the S1 subdomain, preferentially in the N-terminal portion. SARS-CoV-2 S1

contains a single 4-aa insertion and six deletions compared to the SARS-CoV-2 S1 subdomain, whereas MERS-CoV

harbors 19 insertions and 13 short deletions . A multiple sequence alignment of the spike protein of each virus

demonstrated that MERS-CoV showed 30.63% homology to SARS-CoV and SARS-CoV-2 displayed 76.19% homology to

SARS-CoV . Interestingly, the RBD SARS-CoV-2, SARS-CoVs, and MERS-CoV display a similar architecture,

consisting of a β-sheet core with a twisted five-stranded antiparallel β sheet and an inserted loop that directly interact with

the receptor . However, SARS-CoV-2-S RBD is more structurally similar to MERS-CoV RBD than SARS-CoV RBD to

MERS-CoV RBD . Both SARS-CoV-2 and MERS-CoV S proteins have a polybasic cleavage site at S1/S2, which is

absent in the SARS-CoV S protein, that remains uncleaved during assembly and exocytosis. The S2 domain is 14aa

longer in MERS-CoV-2 than in either Sars-CoV-2 or SARS-CoV, which are equally long and show ~91% identity .

Remarkably, all host surface receptors identified to date for the human-infecting coronaviruses are exopeptidases (i.e.,

angiotensin-converting enzyme 2 (ACE2), dipeptidyl peptidase 4 (DPP4), and aminopeptidase N (APN) ), although the

ectopeptidase function does not appear to be required for viral entry . The main reported functional receptor for SARS-

CoV-2 is the protein ACE2, the same receptor for SARS–CoV. In addition, other peptidases have also been proposed as

receptors for coronaviruses. Notably, DPP4 was identified as the main functional receptor for Middle East respiratory

syndrome coronavirus (MERS-CoV)  [initially named human coronavirus-Erasmus Medical Center (hCoV-EMC) ].

DPP4 was specifically co-purified with the Spike protein’s RBD of MERS-CoV in lysates of susceptible Huh-7 cells.

Interaction between MERS-CoV S protein and DPP4 was essential for viral infection and correlated with susceptibility to

MERS-CoV infection, as well as with viral genome detection in the culture medium of infected cells . Conversely,

computational analysis showed that according to the free energy values, there were no potential interactions of SARS-

CoV S protein with DPP4 (free energy value > 0 kcal/mol) .

It is worth noting that DPP4 residues involved in virus–protease interaction are highly conserved between humans and

bats. However, an experimental demonstration of the interaction between SARS-CoV-2 and DPP4 has not yet been

reported, and in vitro studies could not demonstrate that SARS-CoV-2 RBD binds to DPP4-expressing cells .

Nevertheless, several findings suggest that SARS-CoV-2 coronavirus does not exclusively use ACE2 and might rely on

other receptors for cellular entry . For instance, the expression of ACE2 in the lung is relatively low whereas the lung is

one of the main tissues suffering important damage in COVID-19 . Likewise, ACE2 expression decreases with age

although COVID-19 risk and severity increase with age . In line with this, recent evidence suggests that SARS-CoV-2

may be using DPP4 as a co-receptor when entering the cells . In fact, DPP4 is expressed in the primary tissues
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involved in viral infection susceptibility, since it is highly expressed in the alveolar type 2 (AT2) cells of the distal lung, as

well as on the surface of the epithelium, vascular endothelium, and fibroblasts of human bronchi, where it plays a role in

different lung diseases . A recent study showed that the protease TMPRSS2 and DPP4 were co-localized in limbal and

corneal epithelial superficial cells , a proposed SARS-CoV-2 entryway. In placenta cells, minimal expression of both

ACE2 and TMPRSS2 and a high expression of DPP4 was found, despite the placenta being susceptible to SARS-CoV-2

infection . Likewise, while ACE2 levels are very low in cortical cells, a high DPP4 expression was found in cortical

astrocytes infected with SARS-CoV-2, and interestingly, DPP4 inhibition reduced viral infection .

Despite lacking definitive demonstrations that DPP4 is a receptor for SARS-CoV-2, bioinformatics approaches combining

human–virus protein interaction prediction and protein docking based on crystal structures have revealed the high affinity

between human DPP4 and the spike S RBS of SARS-CoV-2 . In fact, DPP4 ranked in the top five putative human

receptors for SARS-CoV-2 in the predictive analysis and had the highest score for protein–protein interaction. The crucial

residues of DPP-4, essential for binding to the SARS-CoV-2 spike protein, were identical to those described for binding to

protein S of MERS-CoV . Molecular docking computational analysis of the interaction between the SARS-CoV-2 S

glycoprotein and DPP4 showed a large interface between the proteins, suggesting a tight interaction between them .

Moreover, this identified 14 critical binding residues for interaction of DPP4 with SARS-CoV-2 S glycoprotein  (five more

than with MERS-CoV S protein) , suggesting a strong binding between these two proteins. On the other hand, it has

been described that a Neanderthal variant of the DPP4 promoter doubles the risk of being hospitalized for COVID-19, with

DPP4 levels correlating with the severity of COVID-19 .

Crystal structures of the RBD of the spike protein complexed with DPP4 demonstrated that the interaction does not occur

at the protease catalytic domain but at the DPP4 β-propeller domain, suggesting that the virus–receptor interaction is

independent of the peptidase activity . However, the interaction was very similar to the binding of DPP4 with one of its

main partners (i.e., ADA); and all those DPP4 residues identified in the virus–protease engagement were also involved in

ADA binding . Accordingly, ADA competed with MERS-CoV for binding to DPP4, acting as a virus–DPP4 attachment

inhibitor and preventing virus infection . This is in good agreement with the physiological role of DPP4 in immune cells,

recognizing ADA protein (see below). This observation guides through the suggestion that DPP4 could be a co-receptor or

auxiliary protein to facilitate the virus entry, as a kind of ACE2 partner. This means that the coronavirus SARS-CoV-2

might use multiple receptors to enter host cells . Such co-receptors might help virus internalization, increasing

intracellular viral load as well as driving and exacerbating immunopathological hyperinflammation. In fact, single cell

transcriptomic analysis of 13 human tissues found similar mRNA expression profiles of ACE2 and DPP4 . Interestingly,

a strong positive correlation between DPP4 localization and the site of lung inflammation has been observed.

Computational research for human DPP4′s nearest neighbor proteins showed that DPP4 interacts with ACE2, implying a

cross-talk between both proteins . However, more studies are needed to know how ACE2 and DPP4 interact and how

DPP4 may help the entry of SARS-CoV-2 into host cells.

In order to highlight the importance of DPP4 in COVID-19, two monoclonal antibodies targeting this protease have been

designed to treat COVID-19 patients. Begelomab, a monoclonal anti-DPP4 antibody was efficacious treating

hematological conditions that mimic the hyper-inflammation caused by the coronavirus SARS-CoV-2 . A new antibody

was designed to interact with both ACE2 and DPP4 but its use in patients has not been assessed yet . Although no

clinical trials have been conducted to date to evaluate their efficacy, anti-DPP4 antibodies might be considered an

interesting approach, worth being tested for dealing with COVID-19.

4.2. DPP4 and Diabetes in COVID-19 Patients

DPP4 and Diabetes Mellitus Type 2

Type 2 diabetes mellitus (T2DM) has been established as the most important risk factor for SARS-CoV-2 infection .

T2DM is a heterogeneous disease characterized by elevated levels of blood glucose as a result of peripheral insulin

resistance (IR), which is the impaired ability of target tissues to sense or respond to insulin stimulation, together with

varying degrees of deficient insulin secretion by pancreatic islet β cells (β cell dysfunction) . Inadequate compensatory

insulin secretory responses are also associated with this process . T2DM has been commonly known as a non-insulin-

dependent condition, in contrast to diabetes type 1 in which an absolute insulin deficiency is produced, associated with

autoimmune destruction of the pancreatic β cells . It has been shown that GLP-1, unlike GIP, potently stimulates insulin

secretion and reduces blood glucose in human subjects with T2DM .

In this context, DPP4 inhibitors have been explored as candidates for preventing the inactivation of GLP-1 and GIP. They

were studied in both preclinical and clinical studies , and later approved as oral drugs for the treatment of T2DM

. DPP4 inhibitors are also known as gliptins and sometimes referred to as incretin enhancers. They are recommended
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as second line therapy after metformin for managing T2DM by the consensus of the American Diabetes Association and

the European Association for the Study of diabetes , and mainly used as add-on to metformin. For a review of the

effects of DPP4 inhibitors, also in combination with other antidiabetic drugs, see .

As pointed above, T2DM is characterized by hyperglycemia and insulin resistance. The high plasma glucose promotes the

synthesis of advanced glycation end products (AGEs) which induce impairment of the immune system through binding to

their receptors (i.e., RAGE). This alteration includes neutrophil dysfunction, leukocyte recruitment inhibition, suppression

of cytokine production, defects in phagocytosis, and disability of immune cells to control invading pathogens .

Consequently, diabetic patients are more susceptible to infection than non-diabetic patients. In addition, in T2DM, there is

a change in the immune system cells, which shift from an anti-inflammatory to a predominantly chronic pro-inflammatory

stage. Moreover, in blood, AGEs behave as cross-linkers, increasing cell adhesion and vascular stiffness. In the context of

hyperlipidemia and hypertension usually associated with T2DM, these mechanisms often lead to cardiovascular disease

.

Moreover, sDPP4 might contribute to endothelial dysfunction as it has been shown that DPP4 impaired the endothelium-

dependent relaxation elicited by acetylcholine in a concentration-dependent manner . Interestingly, AGE-induced

generation of reactive oxygen species stimulates the release of DPP4 from endothelial cells, which could in turn act on

endothelial cells directly via the interaction with M6P/IgFr2, further potentiating the deleterious effects of AGEs .

Impact of DPP4 and Diabetes on SARS-CoV-2-Positive Patients

As the most important risk factor for SARS-CoV-2 infection, T2DM also impacts diabetic patients with higher mortality

rates . Coronavirus infection notably increased mortality in diabetic patients, as shown in a retrospective study

including 6014 subjects with diabetes in which those positive for COVID-19 infection were 3.46 times more likely to die

than those who tested negative . Besides, diabetes mellitus is one of the main comorbidities of COVID-19 .

It is interesting that, conversely, a new-onset of diabetes with metabolic dysregulation and impaired glucose homeostasis,

as well as severe metabolic complications, has been described as a consequence of SARS-CoV-2 infection .

A recent study to evaluate the effect of hyperglycemia and hypercoagulability on COVID-19 prognosis has shown that

elevated hyperglycemia and D-dimer had a synergistic effect on COVID-19 prognosis, and this risk was independent of

diabetes history . In the case of COVID-19, in which physiopathology is characterized by hyperinflammatory response

with cytokine overproduction and cardiovascular disorder, it is not yet clear whether the diabetes condition increases the

risk of infection or its severity , magnifying the pathogenicity of SARS-CoV-2 since both COVID-19 and diabetes share

some pathological mechanisms.

High glucose levels might enhance the expression of SARS-CoV-2 receptors in the surface of cells, increasing the risk of

infection. A retrospective study examining COVID-19 heart autopsies, revealed that total ACE2, glycosylated ACE2, and

TMPRSS2 protein expressions were higher in cardiomyocytes from autopsied and explanted hearts of diabetic than non-

diabetic samples . On the other hand, high glucose increases the synthesis and secretion of DPP4 in liver ; and

plasma DPP4 levels and activity were increased in T2DM patients compared to controls . Increased levels of sDPP4

have also been detected in metabolic syndrome, where sDPP4 positively correlated with various parameters such as

body mass index, adipocyte surface, and leptin and insulin levels. Moreover, DPP4 expression in visceral adipose tissue,

as well as sDPP4, is increased in obese patients, contributing to T2DM physiopathology . The high expression of

DPP4 in the visceral adipose tissue from where it can be released and contribute to sDPP4 has made DPP4 to be

considered as a novel adipokine .

Independent of the potential role of DPP4 as SARS-CoV-2 receptor, DPP4 might have a role in COVID-19 incidence and

physiopathology by regulating glucose homeostasis. A multicenter retrospective study determined that blood glucose,

gender, prothrombin time, and total cholesterol could be considered risk factors for COVID-19 . Another investigation

with more than 2000 cases concluded that elevated glucose was an independent risk factor for progression to critical

cases or death in COVID-19 inpatients . In addition, it has been observed that COVID-19 patients with elevated levels

of glycated hemoglobin HbA1c had more severe inflammation and higher mortality than patients with normal levels. Even

in patients with only elevated HbA1c level but no diabetes, the levels of inflammation markers were also significantly

increased, pointing to a role of persistent high glycemia in the physiopathology of COVID-19 . Conversely, a study

about the association between glucose control of COVID-19 patients with T2DM revealed that well-controlled blood

glucose levels in the first 7 days could improve the prognosis of COVID-19 inpatients with diabetes .

Mechanistically, it could be possible that a hyperglycemic state might favor virus infection as it has been shown that

elevated glucose levels enhanced SARS-CoV-2 replication and cytokine expression in monocytes through stabilization of
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HIF-1α . Researchers conclude that the high glucose availability might prime glycolysis needed for virus replication

and for monocyte immune response. Moreover, glucose levels may affect the glycosylation patterns of the virus spike

protein modifying its conformation, and reducing its binding to ACE2, as it has been confirmed through biochemical

experiments . Altogether, these findings indicate that high glucose levels might favor virus replication and immune

dysregulation and that DPP4 could participate in the worst clinical findings shown in COVID-19 diabetic patients, through

regulation of both phenomena.

One question that arises is whether hyperglycemia can impact the glycosylation of DPP4, modifying its activity and

dimerization. The primary structure of DPP4 contains nine N-glycosylation sites . The correct glycosylation of DPP4 is

a requisite for enzyme activity, along with proper protein folding and accurate trafficking , whereas aberrant

glycosylation has been associated with pathological processes. For instance, glycosylation at the Asn520 site has been

detected in Kashin–Beck disease, a chronic deformative osteoarthropathy and might contribute to cartilage destruction

. Mutation of the sixth N-glycosylation site of rat DPP4 abolished the enzymatic activity, eliminated cell-surface

expression, and prevented the dimerization of the DPP4 protein . Moreover, four glycosides linked to the conserved

Asn229 participate in the interaction of DPP4 with ADA . Although there is no experimental evidence suggesting that

hyperglycemia-induced aberrant glycosylation of DPP4 may play a role in COVID-19 physiopathology, several pieces of

information shed light on this hypothesis. Glycosylation of mouse DPP4 at Thr330, a non-conserved glycosylation site, is

a substantial barrier to MERS-CoV infection, but DPP4 may act as a virus receptor when glycosylation is absent .

4.3. DPP4 and the Immune Response in COVID-19 Patients

DPP4 during inflammation

On the cell surface, DPP4 interacts with several proteins including adenosine deaminase (ADA). ADA catalyzes the

irreversible deamination of adenosine and 2′-deoxyadenosine to inosine and 2′-deoxyinosine, decreasing adenosine

levels and blocking biological effects of adenosine. When present, adenosine binds to A1, A2A, A2B, and A3 receptors

belonging to the G-protein-coupled receptors superfamily, which are expressed on the surface of most immune cells and

modulate many aspects of the immune responses, essentially immunosuppressive and anti-inflammatory . Moreover,

it has been recently described that adenosine exerts a key role in the inflammatory resolution governing processes to

promote the clearance of inflammatory cells and a return to local tissue homeostasis such as the interruption of leukocyte

infiltration, the counter-regulation of pro-inflammatory mediators, the uptake of apoptotic neutrophils and cellular debris,

and the repolarization of the immune cell phenotype . By binding to ADA through its extracellular domain, DPP4

recruits the enzyme on the surface of lymphocytes, reducing adenosine levels and preventing the effect of adenosine in

situ.

In addition, and independent of its enzymatic activity, ADA accomplishes with DPP4 by the extracellular side in a complex

formed by two ADA molecules and a DPP4 dimer. ADA association with DPP4 on the T cell surface allows the interaction

of ADA with adenosine receptors, forming a ternary complex that is thought to be important, as a costimulatory signal to

promote proliferation of lymphocytes and cytokine production, leading to a marked increase (3- to 34-fold) in the

production of the pro-inflammatory cytokines IFN-γ, TNF-α, and IL-6 . Altogether, these observations indicate that

DPP4 is an important regulator of the immune system and therefore can contribute to the comorbidities of COVID-19.

Impact of DPP4 and inflammation at the COVID-19 clinics

One of the characteristics of COVID-19 is an amplified and aberrant immune response to SARS-CoV-2 infection, resulting

in a cytokine storm, potentially triggering acute lung injury, and leading to the acute respiratory distress syndrome which

gave the name’s disease. The invasive inflammatory response releases large amounts of pro-inflammatory cytokines,

causing uncontrolled systemic inflammation, which contribute to physiopathology and eventually lead to fibrosis, causing

tissue damage and organ failure. In addition, coronary plaque destabilization, and hypoxia induce damage of

cardiomyocytes . Notably, cardiovascular damage and coagulopathies contribute to the complications of COVID-19.

It is remarkable that serum DPP4 levels and activity were significantly lower in COVID-19 patients at hospital admission

compared to healthy controls . Moreover, a significant decrease in serum DPP4 activity was found in COVID-19

inpatients, which was associated with severe COVID-19 disease and mortality . In addition, a significant reduction in

serum DPP4 levels was seen in relation to T2DM, age, and age-related dementia . Researchers propose that high

serum DPP4 levels could protect from viral infection by competitively inhibiting the virus binding to cellular DPP4, whereas

low serum DPP4 levels could increase the risk of infection .
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It is worth noting that it has been demonstrated that glucocorticoids, like dexamethasone, by binding to the glucocorticoid

receptor, can directly induce DPP4 gene expression since, within the DPP4 promoter, there are two glucocorticoid-

responsive elements (GREs). Interestingly, glucocorticoids highly stimulated macrophage migration through a DPP4-

dependent mechanism . In experimental mice, it was shown that the promoter region of DPP4 was hyperacetylated

during and after dexamethasone treatment . The upregulation of DPP4 by glucocorticoids might contribute to the

hyperglycemic effect of these steroid hormones but also could play a role in COVID-19 physiopathology, considering that

glucocorticoids have been identified as potential COVID-19 therapeutic agents because of their targeted anti-inflammatory

effects .

4.4. Effect of DPP4 Inhibitors on COVID-19 Patients

Considering the role of DPP4 on COVID-19 physiopathology, it can be speculated that inhibition of DPP4 might protect

from SARS-CoV-2 infection or could benefit its clinical outcome. Several DPP4 inhibitors (i.e., gliptins) are approved

worldwide, such as alogliptin , linagliptine , sitagliptine , saxagliptin , and vildagliptine , the latter with

the exception of the United States. Others are approved only in Japan, South Korea, India, and/or Rusia, like anagliptin,

evogliptin, gemigliptin, omarigliptin, teneligliptin, trelagliptin, and gosogliptin, whereas retagliptin remains in Phase III

clinical trials . Those approved by the European Medicines Agency (EMA) and the U.S.

It should be pointed out that the direct effect of DPP4 inhibitors on preventing coronavirus infection has not been

demonstrated to date. However, increasing evidence illustrates that DPP4 inhibitors have a beneficial effect on the clinical

outcome of patients by reducing COVID-19 complications, improving recovery, and reducing mortality. In a multinational

retrospective cohort study involving 56 large health care organizations, it was shown that the use of DPP-4 inhibitors was

associated with a reduction in respiratory complications and a decrease in mortality, based on 2264 patients treated with

DPP4 inhibitors only (i.e., alogliptin, linagliptin, saxagliptin, or sitgliptin) . Likewise, a prospective randomized clinical

trial with 263 COVID-19 patients showed that patients treated with sitagliptin for 2 days had better clinical outcomes and

reduced lung infiltration than the control group . Moreover, a prospective study with 89 COVID-19 but non-diabetic

patients demonstrated that sitagliptin improved clinical outcomes, radiological scores, and inflammatory biomarkers,

pointing to a potential usefulness of DPP4 inhibitors in managing non-diabetic COVID-19 patients . A meta-analysis

showed that the effect of gliptins was independent of age, sex, race, and location .

However, in most cases, DPP4 inhibitor users had other medications for T2DM like metformin, renin-angiotensin system

inhibitors, thiazolidinediones, diuretics, or statin, making it difficult to attribute the beneficial effect solely to DPP4 inhibitors

. In spite of this, the clinical outcomes of COVID-19 patients using DPP4 inhibitors only was not significantly different

from that using both DPP4 inhibitors and RAS inhibitors and was notably improved from COVID-19 T2DM patients without

medication . A recent clinical trial to evaluate the effect of the combination of linagliptin and insulin on metabolic control

and prognosis in hospitalized patients with COVID-19 and hyperglycemia revealed that the combination of treatments

reduced the relative risk of assisted mechanical ventilation by 74% and improved better pre and postprandial glucose

levels with lower insulin requirements, and no higher risk of hypoglycemia . A different study about the impact of

different antidiabetic agents on individuals with diabetes and COVID-19 showed that DPP4 inhibitors were highly possible

to reduce COVID-19 mortality risk in individuals with diabetes .

Besides, gliptins may have a role in preventing immunopathogenesis and complications of COVID-19. For instance,

gliptins exert a notably anti-inflammatory effect. In experimental models of inflammation and fibrosis, gliptins suppress

macrophage activation, ameliorate inflammation, reduce cytokine production, mitigate systemic inflammatory response,

and reduce microvascular thrombosis . In patients with T2DM and symptomatic coronary artery disease, the

addition of vildagliptin to ongoing metformin showed better glycemic control, lower inflammatory markers (IL-1β and C

reactive protein), higher protective markers (adiponectin and HDL-C), and improved lipid profile compared to

glimepiride/metformin therapy . Likewise, it was shown that sitagliptin reduced inflammation and chronic immune cell

activation in HIV-infected adults . In COVID-19 patients with T2DM, the use of DPP4 inhibitors reduced odds of clinical

deterioration and hyperinflammatory syndrome . In a recent meta-analysis addressing the potential impact of DPP4

inhibitors on COVID-19-related death, it was demonstrated that when they were administered in the inpatient setting,

DPP4 inhibitors decreased the risk for COVID-19-related death by 50% .

Chronic inflammatory reactions may induce fibrosis by activation of myofibroblast, which produces connective tissue

elements that result in substantial deposition of extracellular matrix components that progressively remodel and destroy

normal tissue architecture. In fact, pulmonary fibrosis has a crucial role in COVID-19 pathology. It has been shown that

DPP4 expression increases in the myofibroblasts surface when they are activated by transforming growth factor β (TGFβ)

and its level correlate with myofibroblast markers and collagen deposition, suggesting a tight relationship between DPP4
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and fibrosis . Moreover, pharmacologic inhibition or genetic inactivation of DPP4 exerted a potent anti-fibrotic activity

by notably reducing the proliferation and migration of fibroblasts, and the expression of contractile proteins .

Therefore, DPP4 inhibitors may be of potential use for halting progression to the hyperinflammatory and pro-fibrotic state

associated with severe COVID-19 .

In addition, gliptins reduce macrophage infiltration to the kidney and ameliorate early renal injury , which indicates that

DPP4 inhibitors might be a therapeutic approach to preserve renal function since renal failure is a quite common

complication in COVID-19 patients. A clinical trial performed to evaluate the effects of a potent DPP4 inhibitor (gemigliptin)

on kidney injury, albuminuria, and vascular inflammation among patients with diabetic kidney disease demonstrated that

biomarkers of vascular calcification and kidney injury were improved significantly in the gemigliptin treatment group

compared with the control group and more interesting that no serious adverse events in the gemigliptin treatment group

were observed during the study .

References

1. Hopsu-Havu, V.K.; Glenner, G.G. A new dipeptide naphthylamidase hydrolyzing glycyl-prolyl-beta-naphthylamide. Histo
chemie 1966, 7, 197–201.

2. Ulmer, A.J.; Mattern, T.; Feller, A.C.; Heymann, E.; Flad, H.D. CD26 antigen is a surface dipeptidyl peptidase IV (DPPI
V) as characterized by monoclonal antibodies clone TII-19-4-7 and 4EL1C7. Scand. J. Immunol. 1990, 31, 429–435.

3. Morrison, M.E.; Vijayasaradhi, S.; Engelstein, D.; Albino, A.P.; Houghton, A.N. A marker for neoplastic progression of hu
man melanocytes is a cell surface ectopeptidase. J. Exp. Med. 1993, 177, 1135–1143.

4. Boonacker, E.; Van Noorden, C.J. The multifunctional or moonlighting protein CD26/DPPIV. Eur. J. Cell Biol. 2003, 82,
53–73.

5. Yang, J.; Zheng, Y.; Gou, X.; Pu, K.; Chen, Z.; Guo, Q.; Ji, R.; Wang, H.; Wang, Y.; Zhou, Y. Prevalence of comorbiditie
s and its effects in patients infected with SARS-CoV-2: A systematic review and meta-analysis. Int. J. Infect. Dis. 2020,
94, 91–95.

6. Li, T.T.; Peng, C.; Wang, J.Q.; Xu, Z.J.; Su, M.B.; Li, J.; Zhu, W.L.; Li, J.Y. Distal mutation V486M disrupts the catalytic a
ctivity of DPP4 by affecting the flap of the propeller domain. Acta Pharmacol. Sin. 2021, 43, 2147–2155.

7. Wagner, L.; Klemann, C.; Stephan, M.; von Horsten, S. Unravelling the immunological roles of dipeptidyl peptidase 4 (D
PP4) activity and/or structure homologue (DASH) proteins. Clin. Exp. Immunol. 2016, 184, 265–283.

8. Mulvihill, E.E.; Drucker, D.J. Pharmacology, physiology, and mechanisms of action of dipeptidyl peptidase-4 inhibitors.
Endocr. Rev. 2014, 35, 992–1019.

9. Rohrborn, D.; Wronkowitz, N.; Eckel, J. DPP4 in Diabetes. Front. Immunol. 2015, 6, 386.

10. Rawlings, N.D.; Morton, F.R.; Kok, C.Y.; Kong, J.; Barrett, A.J. MEROPS: The peptidase database. Nucleic Acids Res.
2008, 36, D320–D325.

11. Ikehara, Y.; Ogata, S.; Misumi, Y. Dipeptidyl-peptidase IV from rat liver. Methods Enzymol. 1994, 244, 215–227.

12. Thoma, R.; Loffler, B.; Stihle, M.; Huber, W.; Ruf, A.; Hennig, M. Structural basis of proline-specific exopeptidase activit
y as observed in human dipeptidyl peptidase-IV. Structure 2003, 11, 947–959.

13. Matteucci, E.; Giampietro, O. Dipeptidyl peptidase-4 (CD26): Knowing the function before inhibiting the enzyme. Curr.
Med. Chem. 2009, 16, 2943–2951.

14. Zhong, J.; Kankanala, S.; Rajagopalan, S. Dipeptidyl peptidase-4 inhibition: Insights from the bench and recent clinical
studies. Curr. Opin. Lipidol. 2016, 27, 484–492.

15. Klemann, C.; Wagner, L.; Stephan, M.; von Horsten, S. Cut to the chase: A review of CD26/dipeptidyl peptidase-4’s (DP
P4) entanglement in the immune system. Clin. Exp. Immunol. 2016, 185, 1–21.

16. Alaofi, A.L. Exploring structural dynamics of the MERS-CoV receptor DPP4 and mutant DPP4 receptors. J. Biomol. Str
uct. Dyn. 2022, 40, 752–763.

17. Oefner, C.; D’Arcy, A.; Mac Sweeney, A.; Pierau, S.; Gardiner, R.; Dale, G.E. High-resolution structure of human apo di
peptidyl peptidase IV/CD26 and its complex with 1--ethyl]amino)-acetyl]-2-cyano-(S)-pyrrolidine. Acta Crystallogr. D Bio
l. Crystallogr. 2003, 59, 1206–1212.

18. Aliyari Serej, Z.; Ebrahimi Kalan, A.; Mehdipour, A.; Nozad Charoudeh, H. Regulation and roles of CD26/DPPIV in hem
atopoiesis and diseases. Biomed. Pharmacother. 2017, 91, 88–94.

[155]

[155]

[156]

[157]

[158]



19. Wagner, L. Dipeptidyl peptidase 4. Encycl. Signal. Mol. 2018, 1383–1396.

20. Weihofen, W.A.; Liu, J.; Reutter, W.; Saenger, W.; Fan, H. Crystal structure of CD26/dipeptidyl-peptidase IV in complex
with adenosine deaminase reveals a highly amphiphilic interface. J. Biol. Chem. 2004, 279, 43330–43335.

21. Havre, P.A.; Abe, M.; Urasaki, Y.; Ohnuma, K.; Morimoto, C.; Dang, N.H. The role of CD26/dipeptidyl peptidase IV in ca
ncer. Front. Biosci. 2008, 13, 1634–1645.

22. Chitadze, G.; Wehkamp, U.; Janssen, O.; Bruggemann, M.; Lettau, M. The Serine Protease CD26/DPP4 in Non-Transf
ormed and Malignant T Cells. Cancers 2021, 13, 5947.

23. Proenca, C.; Ribeiro, D.; Freitas, M.; Carvalho, F.; Fernandes, E. A comprehensive review on the antidiabetic activity of
flavonoids targeting PTP1B and DPP-4: A structure-activity relationship analysis. Crit. Rev. Food Sci. Nutr. 2022, 62, 40
95–4151.

24. Gong, Q.; Rajagopalan, S.; Zhong, J. Dpp4 inhibition as a therapeutic strategy in cardiometabolic disease: Incretin-dep
endent and -independent function. Int. J. Cardiol. 2015, 197, 170–179.

25. Nistala, R.; Savin, V. Diabetes, hypertension, and chronic kidney disease progression: Role of DPP4. Am. J. Physiol. R
enal. Physiol. 2017, 312, F661–F670.

26. Song, W.; Wang, Y.; Wang, N.; Wang, D.; Guo, J.; Fu, L.; Shi, X. Identification of residues on human receptor DPP4 crit
ical for MERS-CoV binding and entry. Virology 2014, 471–473, 49–53.

27. Rasmussen, H.B.; Branner, S.; Wiberg, F.C.; Wagtmann, N. Crystal structure of human dipeptidyl peptidase IV/CD26 in
complex with a substrate analog. Nat. Struct. Biol. 2003, 10, 19–25.

28. Hiramatsu, H.; Kyono, K.; Higashiyama, Y.; Fukushima, C.; Shima, H.; Sugiyama, S.; Inaka, K.; Yamamoto, A.; Shimiz
u, R. The structure and function of human dipeptidyl peptidase IV, possessing a unique eight-bladed beta-propeller fol
d. Biochem. Biophys. Res. Commun. 2003, 302, 849–854.

29. Trzaskalski, N.A.; Fadzeyeva, E.; Mulvihill, E.E. Dipeptidyl Peptidase-4 at the Interface Between Inflammation and Met
abolism. Clin. Med. Insights Endocrinol. Diabetes 2020, 13, 1179551420912972.

30. Maslov, I.O.; Zinevich, T.V.; Kirichenko, O.G.; Trukhan, M.V.; Shorshnev, S.V.; Tuaeva, N.O.; Gureev, M.A.; Dahlen, A.
D.; Porozov, Y.B.; Schioth, H.B.; et al. Design, Synthesis and Biological Evaluation of Neogliptin, a Novel 2-Azabicycloh
eptane-Based Inhibitor of Dipeptidyl Peptidase-4 (DPP-4). Pharmaceuticals 2022, 15, 273.

31. Engel, M.; Hoffmann, T.; Wagner, L.; Wermann, M.; Heiser, U.; Kiefersauer, R.; Huber, R.; Bode, W.; Demuth, H.U.; Bra
ndstetter, H. The crystal structure of dipeptidyl peptidase IV (CD26) reveals its functional regulation and enzymatic mec
hanism. Proc. Natl. Acad. Sci. USA 2003, 100, 5063–5068.

32. Gorrell, M.D.; Gysbers, V.; McCaughan, G.W. CD26: A multifunctional integral membrane and secreted protein of activa
ted lymphocytes. Scand. J. Immunol. 2001, 54, 249–264.

33. Ou, X.; O’Leary, H.A.; Broxmeyer, H.E. Implications of DPP4 modification of proteins that regulate stem/progenitor and
more mature cell types. Blood 2013, 122, 161–169.

34. Waumans, Y.; Baerts, L.; Kehoe, K.; Lambeir, A.M.; De Meester, I. The Dipeptidyl Peptidase Family, Prolyl Oligopeptida
se, and Prolyl Carboxypeptidase in the Immune System and Inflammatory Disease, Including Atherosclerosis. Front. Im
munol. 2015, 6, 387.

35. Xi, C.R.; Di Fazio, A.; Nadvi, N.A.; Patel, K.; Xiang, M.S.W.; Zhang, H.E.; Deshpande, C.; Low, J.K.K.; Wang, X.T.; Che
n, Y.; et al. A Novel Purification Procedure for Active Recombinant Human DPP4 and the Inability of DPP4 to Bind SAR
S-CoV-2. Molecules 2020, 25, 5392.

36. Gupta, V. Glucagon-like peptide-1 analogues: An overview. Indian J. Endocrinol. Metab. 2013, 17, 413–421.

37. Drucker, D.J. The biology of incretin hormones. Cell Metab. 2006, 3, 153–165.

38. Holst, J.J. The incretin system in healthy humans: The role of GIP and GLP-1. Metabolism 2019, 96, 46–55.

39. Marguet, D.; Baggio, L.; Kobayashi, T.; Bernard, A.M.; Pierres, M.; Nielsen, P.F.; Ribel, U.; Watanabe, T.; Drucker, D.J.;
Wagtmann, N. Enhanced insulin secretion and improved glucose tolerance in mice lacking CD26. Proc. Natl. Acad. Sci.
USA 2000, 97, 6874–6879.

40. He, Y.L.; Serra, D.; Wang, Y.; Campestrini, J.; Riviere, G.J.; Deacon, C.F.; Holst, J.J.; Schwartz, S.; Nielsen, J.C.; Ligue
ros-Saylan, M. Pharmacokinetics and pharmacodynamics of vildagliptin in patients with type 2 diabetes mellitus. Clin. P
harmacokinet. 2007, 46, 577–588.

41. Dai, H.; Gustavson, S.M.; Preston, G.M.; Eskra, J.D.; Calle, R.; Hirshberg, B. Non-linear increase in GLP-1 levels in res
ponse to DPP-IV inhibition in healthy adult subjects. Diabetes Obes. Metab. 2008, 10, 506–513.



42. Herman, G.A.; Bergman, A.; Stevens, C.; Kotey, P.; Yi, B.; Zhao, P.; Dietrich, B.; Golor, G.; Schrodter, A.; Keymeulen,
B.; et al. Effect of single oral doses of sitagliptin, a dipeptidyl peptidase-4 inhibitor, on incretin and plasma glucose level
s after an oral glucose tolerance test in patients with type 2 diabetes. J. Clin. Endocrinol. Metab. 2006, 91, 4612–4619.

43. Nagakura, T.; Yasuda, N.; Yamazaki, K.; Ikuta, H.; Yoshikawa, S.; Asano, O.; Tanaka, I. Improved glucose tolerance via
enhanced glucose-dependent insulin secretion in dipeptidyl peptidase IV-deficient Fischer rats. Biochem. Biophys. Res.
Commun. 2001, 284, 501–506.

44. Phillips, L.K.; Prins, J.B. Update on incretin hormones. Ann. N. Y. Acad. Sci. 2011, 1243, E55–E74.

45. Hui, H.; Farilla, L.; Merkel, P.; Perfetti, R. The short half-life of glucagon-like peptide-1 in plasma does not reflect its lon
g-lasting beneficial effects. Eur. J. Endocrinol. 2002, 146, 863–869.

46. Holst, J.J.; Orskov, C.; Nielsen, O.V.; Schwartz, T.W. Truncated glucagon-like peptide I, an insulin-releasing hormone fr
om the distal gut. FEBS Lett. 1987, 211, 169–174.

47. Kreymann, B.; Williams, G.; Ghatei, M.A.; Bloom, S.R. Glucagon-like peptide-1 7-36: A physiological incretin in man. La
ncet 1987, 2, 1300–1304.

48. Mojsov, S.; Weir, G.C.; Habener, J.F. Insulinotropin: Glucagon-like peptide I (7-37) co-encoded in the glucagon gene is
a potent stimulator of insulin release in the perfused rat pancreas. J. Clin. Investig. 1987, 79, 616–619.

49. Orskov, C.; Bersani, M.; Johnsen, A.H.; Hojrup, P.; Holst, J.J. Complete sequences of glucagon-like peptide-1 from hu
man and pig small intestine. J. Biol. Chem. 1989, 264, 12826–12829.

50. Orskov, C.; Rabenhoj, L.; Wettergren, A.; Kofod, H.; Holst, J.J. Tissue and plasma concentrations of amidated and glyci
ne-extended glucagon-like peptide I in humans. Diabetes 1994, 43, 535–539.

51. Deacon, C.F.; Johnsen, A.H.; Holst, J.J. Degradation of glucagon-like peptide-1 by human plasma in vitro yields an N-te
rminally truncated peptide that is a major endogenous metabolite in vivo. J. Clin. Endocrinol. Metab. 1995, 80, 952–95
7.

52. Kieffer, T.J.; McIntosh, C.H.; Pederson, R.A. Degradation of glucose-dependent insulinotropic polypeptide and truncate
d glucagon-like peptide 1 in vitro and in vivo by dipeptidyl peptidase IV. Endocrinology 1995, 136, 3585–3596.

53. Hansen, L.; Deacon, C.F.; Orskov, C.; Holst, J.J. Glucagon-like peptide-1-(7-36)amide is transformed to glucagon-like p
eptide-1-(9-36)amide by dipeptidyl peptidase IV in the capillaries supplying the L cells of the porcine intestine. Endocrin
ology 1999, 140, 5356–5363.

54. Muller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.J.; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.J.; Habene
r, J.F.; et al. Glucagon-like peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72–130.

55. Gromada, J.; Bokvist, K.; Ding, W.G.; Holst, J.J.; Nielsen, J.H.; Rorsman, P. Glucagon-like peptide 1 (7–36) amide stim
ulates exocytosis in human pancreatic beta-cells by both proximal and distal regulatory steps in stimulus-secretion cou
pling. Diabetes 1998, 47, 57–65.

56. Huang, J.; Liu, X.; Wei, Y.; Li, X.; Gao, S.; Dong, L.; Rao, X.; Zhong, J. Emerging Role of Dipeptidyl Peptidase-4 in Auto
immune Disease. Front. Immunol. 2022, 13, 830863.

57. Chetty, K.; Houghton, B.C.; Booth, C. Gene Therapy for Inborn Errors of Immunity: Severe Combined Immunodeficienci
es. Hematol. Oncol. Clin. N. Am. 2022, 36, 813–827.

58. Martinez-Navio, J.M.; Casanova, V.; Pacheco, R.; Naval-Macabuhay, I.; Climent, N.; Garcia, F.; Gatell, J.M.; Mallol, J.;
Gallart, T.; Lluis, C.; et al. Adenosine deaminase potentiates the generation of effector, memory, and regulatory CD4+ T
cells. J. Leukoc. Biol. 2011, 89, 127–136.

59. Ishii, T.; Ohnuma, K.; Murakami, A.; Takasawa, N.; Kobayashi, S.; Dang, N.H.; Schlossman, S.F.; Morimoto, C. CD26-m
ediated signaling for T cell activation occurs in lipid rafts through its association with CD45RO. Proc. Natl. Acad. Sci. U
SA 2001, 98, 12138–12143.

60. Ikushima, H.; Munakata, Y.; Ishii, T.; Iwata, S.; Terashima, M.; Tanaka, H.; Schlossman, S.F.; Morimoto, C. Internalizatio
n of CD26 by mannose 6-phosphate/insulin-like growth factor II receptor contributes to T cell activation. Proc. Natl. Aca
d. Sci. USA 2000, 97, 8439–8444.

61. Essalmani, R.; Jain, J.; Susan-Resiga, D.; Andreo, U.; Evagelidis, A.; Derbali, R.M.; Huynh, D.N.; Dallaire, F.; Laporte,
M.; Delpal, A.; et al. Distinctive Roles of Furin and TMPRSS2 in SARS-CoV-2 Infectivity. J. Virol. 2022, 96, e0012822.

62. Takeda, M. Proteolytic activation of SARS-CoV-2 spike protein. Microbiol. Immunol. 2022, 66, 15–23.

63. Trigueiro-Louro, J.; Correia, V.; Figueiredo-Nunes, I.; Giria, M.; Rebelo-de-Andrade, H. Unlocking COVID therapeutic ta
rgets: A structure-based rationale against SARS-CoV-2, SARS-CoV and MERS-CoV Spike. Comput. Struct. Biotechnol.
J. 2020, 18, 2117–2131.



64. Parag, S.; Carnevale, K. COVID-19 Pathogen Viral Evolution Leading to Increased Infectivity. Cureus 2022, 14, e2666
0.

65. Qiao, S.; Zhang, S.; Ge, J.; Wang, X. The spike glycoprotein of highly pathogenic human coronaviruses: Structural insi
ghts for understanding infection, evolution and inhibition. FEBS Open Bio 2022.

66. Li, Y.; Zhang, Z.; Yang, L.; Lian, X.; Xie, Y.; Li, S.; Xin, S.; Cao, P.; Lu, J. The MERS-CoV Receptor DPP4 as a Candidat
e Binding Target of the SARS-CoV-2 Spike. iScience 2020, 23, 101400.

67. Vankadari, N.; Wilce, J.A. Emerging WuHan (COVID-19) coronavirus: Glycan shield and structure prediction of spike gl
ycoprotein and its interaction with human CD26. Emerg. Microbes. Infect. 2020, 9, 601–604.

68. Bosch, B.J.; Smits, S.L.; Haagmans, B.L. Membrane ectopeptidases targeted by human coronaviruses. Curr. Opin. Vir
ol. 2014, 6, 55–60.

69. Shatizadeh Malekshahi, S.; Yavarian, J.; Shafiei-Jandaghi, N.Z. Usage of peptidases by SARS-CoV-2 and several hum
an coronaviruses as receptors: A mysterious story. Biotechnol. Appl. Biochem. 2022, 69, 124–128.

70. Raj, V.S.; Mou, H.; Smits, S.L.; Dekkers, D.H.; Muller, M.A.; Dijkman, R.; Muth, D.; Demmers, J.A.; Zaki, A.; Fouchier,
R.A.; et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 2013, 495,
251–254.

71. Tai, W.; He, L.; Zhang, X.; Pu, J.; Voronin, D.; Jiang, S.; Zhou, Y.; Du, L. Characterization of the receptor-binding domai
n (RBD) of 2019 novel coronavirus: Implication for development of RBD protein as a viral attachment inhibitor and vacci
ne. Cell Mol. Immunol. 2020, 17, 613–620.

72. Alipoor, S.D.; Mirsaeidi, M. SARS-CoV-2 cell entry beyond the ACE2 receptor. Mol. Biol. Rep. 2022, 1–13.

73. Hikmet, F.; Mear, L.; Edvinsson, A.; Micke, P.; Uhlen, M.; Lindskog, C. The protein expression profile of ACE2 in human
tissues. Mol. Syst. Biol. 2020, 16, e9610.

74. Romero Starke, K.; Reissig, D.; Petereit-Haack, G.; Schmauder, S.; Nienhaus, A.; Seidler, A. The isolated effect of age
on the risk of COVID-19 severe outcomes: A systematic review with meta-analysis. BMJ Glob. Health 2021, 6, e00643
4.

75. Zhang, T.; Tong, X.; Zhang, S.; Wang, D.; Wang, L.; Wang, Q.; Fan, H. The Roles of Dipeptidyl Peptidase 4 (DPP4) and
DPP4 Inhibitors in Different Lung Diseases: New Evidence. Front. Pharmacol. 2021, 12, 731453.

76. Tisi, A.; Zerti, D.; Genitti, G.; Vicentini, M.T.; Baccante, M.; Flati, V.; Maccarone, R. Characterization of SARS-CoV-2 En
try Factors’ Expression in Corneal and Limbal Tissues of Adult Human Donors Aged from 58 to 85. J. Ocul. Pharmacol.
Ther. 2022, 38, 56–65.

77. Constantino, F.B.; Cury, S.S.; Nogueira, C.R.; Carvalho, R.F.; Justulin, L.A. Prediction of Non-canonical Routes for SAR
S-CoV-2 Infection in Human Placenta Cells. Front. Mol. Biosci. 2021, 8, 614728.

78. Andrews, M.G.; Mukhtar, T.; Eze, U.C.; Simoneau, C.R.; Perez, Y.; Mostajo-Radji, M.A.; Wang, S.; Velmeshev, D.; Salm
a, J.; Kumar, G.R.; et al. Tropism of SARS-CoV-2 for Developing Human Cortical Astrocytes. Proc. Natl. Acad. Sci. USA
2022, 119, e2122236119.

79. Wang, N.; Shi, X.; Jiang, L.; Zhang, S.; Wang, D.; Tong, P.; Guo, D.; Fu, L.; Cui, Y.; Liu, X.; et al. Structure of MERS-Co
V spike receptor-binding domain complexed with human receptor DPP4. Cell Res. 2013, 23, 986–993.

80. Posadas-Sanchez, R.; Sanchez-Munoz, F.; Guzman-Martin, C.A.; Hernandez-Diaz Couder, A.; Rojas-Velasco, G.; Frag
oso, J.M.; Vargas-Alarcon, G. Dipeptidylpeptidase-4 levels and DPP4 gene polymorphisms in patients with COVID-19.
Association with disease and with severity. Life Sci. 2021, 276, 119410.

81. Lu, G.; Hu, Y.; Wang, Q.; Qi, J.; Gao, F.; Li, Y.; Zhang, Y.; Zhang, W.; Yuan, Y.; Bao, J.; et al. Molecular basis of binding
between novel human coronavirus MERS-CoV and its receptor CD26. Nature 2013, 500, 227–231.

82. Cameron, K.; Rozano, L.; Falasca, M.; Mancera, R.L. Does the SARS-CoV-2 Spike Protein Receptor Binding Domain I
nteract Effectively with the DPP4 (CD26) Receptor? A Molecular Docking Study. Int. J. Mol. Sci. 2021, 22, 7001.

83. Raj, V.S.; Smits, S.L.; Provacia, L.B.; van den Brand, J.M.; Wiersma, L.; Ouwendijk, W.J.; Bestebroer, T.M.; Spronken,
M.I.; van Amerongen, G.; Rottier, P.J.; et al. Adenosine deaminase acts as a natural antagonist for dipeptidyl peptidase
4-mediated entry of the Middle East respiratory syndrome coronavirus. J. Virol. 2014, 88, 1834–1838.

84. Gadanec, L.K.; McSweeney, K.R.; Qaradakhi, T.; Ali, B.; Zulli, A.; Apostolopoulos, V. Can SARS-CoV-2 Virus Use Multi
ple Receptors to Enter Host Cells? Int. J. Mol. Sci. 2021, 22, 992.

85. Qi, F.; Qian, S.; Zhang, S.; Zhang, Z. Single cell RNA sequencing of 13 human tissues identify cell types and receptors
of human coronaviruses. Biochem. Biophys. Res. Commun. 2020, 526, 135–140.

86. Bardaweel, S.K.; Hajjo, R.; Sabbah, D.A. Sitagliptin: A potential drug for the treatment of COVID-19? Acta Pharm. 202
1, 71, 175–184.



87. Galimberti, S.; Baldini, C.; Barate, C.; Ricci, F.; Balducci, S.; Grassi, S.; Ferro, F.; Buda, G.; Benedetti, E.; Fazzi, R.; et
al. The CoV-2 outbreak: How hematologists could help to fight Covid-19. Pharmacol. Res. 2020, 157, 104866.

88. Ojha, R.; Gurjar, K.; Ratnakar, T.S.; Mishra, A.; Prajapati, V.K. Designing of a bispecific antibody against SARS-CoV-2 s
pike glycoprotein targeting human entry receptors DPP4 and ACE2. Hum. Immunol. 2022, 83, 346–355.

89. Erener, S. Diabetes, infection risk and COVID-19. Mol. Metab. 2020, 39, 101044.

90. Spanakis, E.K.; Yoo, A.; Ajayi, O.N.; Siddiqui, T.; Khan, M.M.; Seliger, S.L.; Klonoff, D.C.; Feng, Z.; Sorkin, J.D. Excess
Mortality in COVID-19-Positive Versus COVID-19-Negative Inpatients With Diabetes: A Nationwide Study. Diabetes Car
e 2021, 44, e169–e170.

91. Roden, M.; Shulman, G.I. The integrative biology of type 2 diabetes. Nature 2019, 576, 51–60.

92. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Path
ophysiology of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21, 6275.

93. Dilworth, L.; Facey, A.; Omoruyi, F. Diabetes Mellitus and Its Metabolic Complications: The Role of Adipose Tissues. In
t. J. Mol. Sci. 2021, 22, 7644.

94. Ahren, B.; Gomis, R.; Standl, E.; Mills, D.; Schweizer, A. Twelve- and 52-week efficacy of the dipeptidyl peptidase IV in
hibitor LAF237 in metformin-treated patients with type 2 diabetes. Diabetes Care 2004, 27, 2874–2880.

95. Ahren, B.; Simonsson, E.; Larsson, H.; Landin-Olsson, M.; Torgeirsson, H.; Jansson, P.A.; Sandqvist, M.; Bavenholm,
P.; Efendic, S.; Eriksson, J.W.; et al. Inhibition of dipeptidyl peptidase IV improves metabolic control over a 4-week stud
y period in type 2 diabetes. Diabetes Care 2002, 25, 869–875.

96. Deacon, C.F.; Hughes, T.E.; Holst, J.J. Dipeptidyl peptidase IV inhibition potentiates the insulinotropic effect of glucago
n-like peptide 1 in the anesthetized pig. Diabetes 1998, 47, 764–769.

97. Ahren, B. DPP-4 Inhibition and the Path to Clinical Proof. Front. Endocrinol. 2019, 10, 376.

98. Buse, J.B.; Wexler, D.J.; Tsapas, A.; Rossing, P.; Mingrone, G.; Mathieu, C.; D’Alessio, D.A.; Davies, M.J. Management
of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes Association (ADA) and the
European Association for the Study of Diabetes (EASD). Diabetes Care 2020, 43, 487–493, Erratum. 2019 Update to D
iabetes Care 2020, 43, 1670.

99. Davies, M.J.; D’Alessio, D.A.; Fradkin, J.; Kernan, W.N.; Mathieu, C.; Mingrone, G.; Rossing, P.; Tsapas, A.; Wexler, D.
J.; Buse, J.B. Management of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes
Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2018, 41, 2669–27
01.

100. Davies, M.J.; Bianchi, C.; Del Prato, S. Use of incretin-based medications: What do current international recommendati
ons suggest with respect to GLP-1 receptor agonists and DPP-4 inhibitors? Metabolism 2020, 107, 154242.

101. Berbudi, A.; Rahmadika, N.; Tjahjadi, A.I.; Ruslami, R. Type 2 Diabetes and its Impact on the Immune System. Curr. Di
abetes Rev. 2020, 16, 442–449.

102. Shah, A.; Isath, A.; Aronow, W.S. Cardiovascular complications of diabetes. Expert. Rev. Endocrinol. Metab. 2022, 1–6.

103. Romacho, T.; Vallejo, S.; Villalobos, L.A.; Wronkowitz, N.; Indrakusuma, I.; Sell, H.; Eckel, J.; Sanchez-Ferrer, C.F.; Peir
o, C. Soluble dipeptidyl peptidase-4 induces microvascular endothelial dysfunction through proteinase-activated recept
or-2 and thromboxane A2 release. J. Hypertens. 2016, 34, 869–876.

104. Ishibashi, Y.; Matsui, T.; Maeda, S.; Higashimoto, Y.; Yamagishi, S. Advanced glycation end products evoke endothelial
cell damage by stimulating soluble dipeptidyl peptidase-4 production and its interaction with mannose 6-phosphate/insu
lin-like growth factor II receptor. Cardiovasc. Diabetol. 2013, 12, 125.

105. Rahmati, M.; Keshvari, M.; Mirnasuri, S.; Yon, D.K.; Lee, S.W.; Il Shin, J.; Smith, L. The global impact of COVID-19 pan
demic on the incidence of pediatric new-onset type 1 diabetes and ketoacidosis: A systematic review and meta-analysi
s. J. Med. Virol. 2022.

106. Behera, J.; Ison, J.; Voor, M.J.; Tyagi, S.C.; Tyagi, N. Diabetic Covid-19 severity: Impaired glucose tolerance and pathol
ogic bone loss. Biochem. Biophys. Res. Commun. 2022, 620, 180–187.

107. Burekovic, A.; Asimi, Z.V.; Divanovic, A.; Halilovic, D. Diabetes—A Consequence of COVID-19 Infection. Mater. Sociom
ed. 2022, 34, 4–7.

108. Kazakou, P.; Lambadiari, V.; Ikonomidis, I.; Kountouri, A.; Panagopoulos, G.; Athanasopoulos, S.; Korompoki, E.; Kalo
menidis, I.; Dimopoulos, M.A.; Mitrakou, A. Diabetes and COVID-19; A Bidirectional Interplay. Front. Endocrinol. 2022,
13, 780663.

109. Li, H.; Chen, S.; Wang, S.; Yang, S.; Cao, W.; Liu, S.; Song, Y.; Li, X.; Li, Z.; Li, R.; et al. Elevated D-dimer and Adverse
In-hospital Outcomes in COVID-19 Patients and Synergism with Hyperglycemia. Infect. Drug Resist. 2022, 15, 3683–3



691.

110. Valencia, I.; Peiro, C.; Lorenzo, O.; Sanchez-Ferrer, C.F.; Eckel, J.; Romacho, T. DPP4 and ACE2 in Diabetes and COV
ID-19: Therapeutic Targets for Cardiovascular Complications? Front. Pharmacol. 2020, 11, 1161.

111. D’Onofrio, N.; Scisciola, L.; Sardu, C.; Trotta, M.C.; De Feo, M.; Maiello, C.; Mascolo, P.; De Micco, F.; Turriziani, F.; Mu
nicino, E.; et al. Glycated ACE2 receptor in diabetes: Open door for SARS-COV-2 entry in cardiomyocyte. Cardiovasc.
Diabetol. 2021, 20, 99.

112. Miyazaki, M.; Kato, M.; Tanaka, K.; Tanaka, M.; Kohjima, M.; Nakamura, K.; Enjoji, M.; Nakamuta, M.; Kotoh, K.; Takay
anagi, R. Increased hepatic expression of dipeptidyl peptidase-4 in non-alcoholic fatty liver disease and its association
with insulin resistance and glucose metabolism. Mol. Med. Rep. 2012, 5, 729–733.

113. Sarkar, J.; Nargis, T.; Tantia, O.; Ghosh, S.; Chakrabarti, P. Increased Plasma Dipeptidyl Peptidase-4 (DPP4) Activity Is
an Obesity-Independent Parameter for Glycemic Deregulation in Type 2 Diabetes Patients. Front. Endocrinol. 2019, 10,
505.

114. Sell, H.; Bluher, M.; Kloting, N.; Schlich, R.; Willems, M.; Ruppe, F.; Knoefel, W.T.; Dietrich, A.; Fielding, B.A.; Arner, P.;
et al. Adipose dipeptidyl peptidase-4 and obesity: Correlation with insulin resistance and depot-specific release from adi
pose tissue in vivo and in vitro. Diabetes Care 2013, 36, 4083–4090.

115. Lamers, D.; Famulla, S.; Wronkowitz, N.; Hartwig, S.; Lehr, S.; Ouwens, D.M.; Eckardt, K.; Kaufman, J.M.; Ryden, M.;
Muller, S.; et al. Dipeptidyl peptidase 4 is a novel adipokine potentially linking obesity to the metabolic syndrome. Diabe
tes 2011, 60, 1917–1925.

116. Zhang, Y.; Wang, J.; Tan, N.; Du, K.; Gao, K.; Zuo, J.; Lu, X.; Ma, Y.; Hou, Y.; Li, Q.; et al. Risk Factors in Patients with
Diabetes Hospitalized for COVID-19: Findings from a Multicenter Retrospective Study. J. Diabetes Res. 2021, 2021, 31
70190.

117. Wu, J.; Huang, J.; Zhu, G.; Wang, Q.; Lv, Q.; Huang, Y.; Yu, Y.; Si, X.; Yi, H.; Wang, C.; et al. Elevation of blood glucose
level predicts worse outcomes in hospitalized patients with COVID-19: A retrospective cohort study. BMJ Open. Diabet
es Res. Care 2020, 8, e001476.

118. Wang, Z.; Du, Z.; Zhu, F. Glycosylated hemoglobin is associated with systemic inflammation, hypercoagulability, and pr
ognosis of COVID-19 patients. Diabetes Res. Clin. Pract. 2020, 164, 108214.

119. Duan, W.; Li, L.; Li, X.; Zhu, M.; Wu, L.; Wu, W.; Li, K.; Liang, Y.; Ding, R.; You, W.; et al. Association of blood glucose l
evel and prognosis of inpatients with coexistent diabetes and COVID-19. Endocrine 2022, 75, 1–9.

120. Codo, A.C.; Davanzo, G.G.; Monteiro, L.B.; de Souza, G.F.; Muraro, S.P.; Virgilio-da-Silva, J.V.; Prodonoff, J.S.; Carreg
ari, V.C.; de Biagi Junior, C.A.O.; Crunfli, F.; et al. Elevated Glucose Levels Favor SARS-CoV-2 Infection and Monocyte
Response through a HIF-1alpha/Glycolysis-Dependent Axis. Cell Metab. 2020, 32, 498–499.

121. Casalino, L.; Gaieb, Z.; Goldsmith, J.A.; Hjorth, C.K.; Dommer, A.C.; Harbison, A.M.; Fogarty, C.A.; Barros, E.P.; Taylor,
B.C.; McLellan, J.S.; et al. Beyond Shielding: The Roles of Glycans in SARS-CoV-2 Spike Protein. bioRxiv 2020.

122. Aertgeerts, K.; Ye, S.; Shi, L.; Prasad, S.G.; Witmer, D.; Chi, E.; Sang, B.C.; Wijnands, R.A.; Webb, D.R.; Swanson, R.
V. N-linked glycosylation of dipeptidyl peptidase IV (CD26): Effects on enzyme activity, homodimer formation, and aden
osine deaminase binding. Protein Sci. 2004, 13, 145–154.

123. Lyu, Y.; Deng, H.; Qu, C.; Qiao, L.; Liu, X.; Xiao, X.; Liu, J.; Guo, Z.; Zhao, Y.; Han, J.; et al. Identification of proteins an
d N-glycosylation sites of knee cartilage in Kashin-Beck disease compared with osteoarthritis. Int. J. Biol. Macromol. 20
22, 210, 128–138.

124. Fan, H.; Meng, W.; Kilian, C.; Grams, S.; Reutter, W. Domain-specific N-glycosylation of the membrane glycoprotein dip
eptidylpeptidase IV (CD26) influences its subcellular trafficking, biological stability, enzyme activity and protein folding.
Eur. J. Biochem. 1997, 246, 243–251.

125. Peck, K.M.; Scobey, T.; Swanstrom, J.; Jensen, K.L.; Burch, C.L.; Baric, R.S.; Heise, M.T. Permissivity of Dipeptidyl Pe
ptidase 4 Orthologs to Middle East Respiratory Syndrome Coronavirus Is Governed by Glycosylation and Other Compl
ex Determinants. J. Virol. 2017, 91, e00534-17.

126. Antonioli, L.; Pacher, P.; Hasko, G. Adenosine and inflammation: It’s time to (re)solve the problem. Trends. Pharmacol.
Sci. 2022, 43, 43–55.

127. Pacheco, R.; Martinez-Navio, J.M.; Lejeune, M.; Climent, N.; Oliva, H.; Gatell, J.M.; Gallart, T.; Mallol, J.; Lluis, C.; Fran
co, R. CD26, adenosine deaminase, and adenosine receptors mediate costimulatory signals in the immunological syna
pse. Proc. Natl. Acad. Sci. USA 2005, 102, 9583–9588.

128. Babapoor-Farrokhran, S.; Gill, D.; Walker, J.; Rasekhi, R.T.; Bozorgnia, B.; Amanullah, A. Myocardial injury and COVID
-19: Possible mechanisms. Life Sci. 2020, 253, 117723.



129. Bracke, A.; De Hert, E.; De Bruyn, M.; Claesen, K.; Vliegen, G.; Vujkovic, A.; van Petersen, L.; De Winter, F.H.R.; Hotte
rbeekx, A.; Brosius, I.; et al. Proline-specific peptidase activities (DPP4, PRCP, FAP and PREP) in plasma of hospitaliz
ed COVID-19 patients. Clin. Chim. Acta 2022, 531, 4–11.

130. Nadasdi, A.; Sinkovits, G.; Bobek, I.; Lakatos, B.; Forhecz, Z.; Prohaszka, Z.Z.; Reti, M.; Arato, M.; Cseh, G.; Masszi,
T.; et al. Decreased circulating dipeptidyl peptidase-4 enzyme activity is prognostic for severe outcomes in COVID-19 in
patients. Biomark Med. 2022, 16, 317–330.

131. Raha, A.A.; Chakraborty, S.; Henderson, J.; Mukaetova-Ladinska, E.; Zaman, S.; Trowsdale, J.; Raha-Chowdhury, R. I
nvestigation of CD26, a potential SARS-CoV-2 receptor, as a biomarker of age and pathology. Biosci. Rep. 2020, 40, B
SR20203092.

132. Diaz-Jimenez, D.; Petrillo, M.G.; Busada, J.T.; Hermoso, M.A.; Cidlowski, J.A. Glucocorticoids mobilize macrophages b
y transcriptionally up-regulating the exopeptidase DPP4. J. Biol. Chem. 2020, 295, 3213–3227.

133. Uto, A.; Miyashita, K.; Endo, S.; Sato, M.; Ryuzaki, M.; Kinouchi, K.; Mitsuishi, M.; Meguro, S.; Itoh, H. Transient Dexa
methasone Loading Induces Prolonged Hyperglycemia in Male Mice With Histone Acetylation in Dpp-4 Promoter. Endo
crinology 2021, 162, bqab193.

134. NIH. COVID-19 Treatment Guidelines. Available online: https://www.covid19treatmentguidelines.nih.gov/therapies/imm
unomodulators/corticosteroids/ (accessed on 15 August 2022).

135. Feng, J.; Zhang, Z.; Wallace, M.B.; Stafford, J.A.; Kaldor, S.W.; Kassel, D.B.; Navre, M.; Shi, L.; Skene, R.J.; Asakawa,
T.; et al. Discovery of alogliptin: A potent, selective, bioavailable, and efficacious inhibitor of dipeptidyl peptidase IV. J.
Med. Chem. 2007, 50, 2297–2300.

136. Eckhardt, M.; Langkopf, E.; Mark, M.; Tadayyon, M.; Thomas, L.; Nar, H.; Pfrengle, W.; Guth, B.; Lotz, R.; Sieger, P.; et
al. 8-(3-(R)-aminopiperidin-1-yl)-7-but-2-ynyl-3-methyl-1-(4-methyl-quinazolin-2-ylme thyl)-3,7-dihydropurine-2,6-dione
(BI 1356), a highly potent, selective, long-acting, and orally bioavailable DPP-4 inhibitor for the treatment of type 2 diab
etes. J. Med. Chem. 2007, 50, 6450–6453.

137. Thornberry, N.A.; Weber, A.E. Discovery of JANUVIA (Sitagliptin), a selective dipeptidyl peptidase IV inhibitor for the tre
atment of type 2 diabetes. Curr. Top. Med. Chem. 2007, 7, 557–568.

138. Augeri, D.J.; Robl, J.A.; Betebenner, D.A.; Magnin, D.R.; Khanna, A.; Robertson, J.G.; Wang, A.; Simpkins, L.M.; Taun
k, P.; Huang, Q.; et al. Discovery and preclinical profile of Saxagliptin (BMS-477118): A highly potent, long-acting, orally
active dipeptidyl peptidase IV inhibitor for the treatment of type 2 diabetes. J. Med. Chem. 2005, 48, 5025–5037.

139. Villhauer, E.B.; Brinkman, J.A.; Naderi, G.B.; Burkey, B.F.; Dunning, B.E.; Prasad, K.; Mangold, B.L.; Russell, M.E.; Hu
ghes, T.E. 1-acetyl]-2-cyano-(S)-pyrrolidine: A potent, selective, and orally bioavailable dipeptidyl peptidase IV inhibitor
with antihyperglycemic properties. J. Med. Chem. 2003, 46, 2774–2789.

140. Cahn, A.; Cernea, S.; Raz, I. An update on DPP-4 inhibitors in the management of type 2 diabetes. Expert. Opin. Emer
g. Drugs 2016, 21, 409–419.

141. Nyland, J.E.; Raja-Khan, N.T.; Bettermann, K.; Haouzi, P.A.; Leslie, D.L.; Kraschnewski, J.L.; Parent, L.J.; Grigson, P.S.
Diabetes, Drug Treatment, and Mortality in COVID-19: A Multinational Retrospective Cohort Study. Diabetes 2021, 70,
2903–2916.

142. Abbasi, F.; Adatorwovor, R.; Davarpanah, M.A.; Mansoori, Y.; Hajiani, M.; Azodi, F.; Sefidbakht, S.; Davoudi, S.; Rezaei,
F.; Mohammadmoradi, S.; et al. A Randomized Trial of Sitagliptin and Spironolactone With Combination Therapy in Hos
pitalized Adults With COVID-19. J. Endocr. Soc. 2022, 6, bvac017.

143. Al-Kuraishy, H.M.; Al-Gareeb, A.I.; Qusty, N.; Alexiou, A.; Batiha, G.E. Impact of Sitagliptin on Non-diabetic COVID-19 P
atients. Curr. Mol. Pharmacol. 2022, 15, 683–692.

144. Zein, A.; Raffaello, W.M. Dipeptidyl peptidase-4 (DPP-IV) inhibitor was associated with mortality reduction in COVID-19
—A systematic review and meta-analysis. Prim. Care Diabetes 2022, 16, 162–167.

145. Rhee, S.Y.; Lee, J.; Nam, H.; Kyoung, D.S.; Shin, D.W.; Kim, D.J. Effects of a DPP-4 Inhibitor and RAS Blockade on Cli
nical Outcomes of Patients with Diabetes and COVID-19. Diabetes Metab. J. 2021, 45, 251–259.

146. Guardado-Mendoza, R.; Garcia-Magana, M.A.; Martinez-Navarro, L.J.; Macias-Cervantes, H.E.; Aguilar-Guerrero, R.;
Suarez-Perez, E.L.; Aguilar-Garcia, A. Effect of linagliptin plus insulin in comparison to insulin alone on metabolic contr
ol and prognosis in hospitalized patients with SARS-CoV-2 infection. Sci. Rep. 2022, 12, 536.

147. Chen, Y.; Lv, X.; Lin, S.; Arshad, M.; Dai, M. The Association Between Antidiabetic Agents and Clinical Outcomes of CO
VID-19 Patients With Diabetes: A Bayesian Network Meta-Analysis. Front. Endocrinol. 2022, 13, 895458.

148. Wang, S.C.; Wang, X.Y.; Liu, C.T.; Chou, R.H.; Chen, Z.B.; Huang, P.H.; Lin, S.J. The Dipeptidyl Peptidase-4 Inhibitor L
inagliptin Ameliorates Endothelial Inflammation and Microvascular Thrombosis in a Sepsis Mouse Model. Int. J. Mol. Sc
i. 2022, 23, 3065.



149. Wang, X.; Hausding, M.; Weng, S.Y.; Kim, Y.O.; Steven, S.; Klein, T.; Daiber, A.; Schuppan, D. Gliptins Suppress Inflam
matory Macrophage Activation to Mitigate Inflammation, Fibrosis, Oxidative Stress, and Vascular Dysfunction in Models
of Nonalcoholic Steatohepatitis and Liver Fibrosis. Antioxid. Redox. Signal. 2018, 28, 87–109.

150. Hendawy, A.S.; El-Lakkany, N.M.; Mantawy, E.M.; Hammam, O.A.; Botros, S.S.; El-Demerdash, E. Vildagliptin alleviate
s liver fibrosis in NASH diabetic rats via modulation of insulin resistance, oxidative stress, and inflammatory cascades.
Life Sci. 2022, 304, 120695.

151. Werida, R.; Kabel, M.; Omran, G.; Shokry, A.; Mostafa, T. Comparative clinical study evaluating the effect of adding Vild
agliptin versus Glimepiride to ongoing Metformin therapy on diabetic patients with symptomatic coronary artery diseas
e. Diabetes Res. Clin. Pract. 2020, 170, 108473.

152. Best, C.; Struthers, H.; Laciny, E.; Royal, M.; Reeds, D.N.; Yarasheski, K.E. Sitagliptin Reduces Inflammation and Chro
nic Immune Cell Activation in HIV+ Adults With Impaired Glucose Tolerance. J. Clin. Endocrinol. Metab. 2015, 100, 262
1–2629.

153. Wong, C.K.H.; Lui, D.T.W.; Lui, A.Y.C.; Kwok, A.C.Y.; Low, M.C.H.; Lau, K.T.K.; Au, I.C.H.; Xiong, X.; Chung, M.S.H.; La
u, E.H.Y.; et al. Use of DPP4i reduced odds of clinical deterioration and hyperinflammatory syndrome in COVID-19 pati
ents with type 2 diabetes: Propensity score analysis of a territory-wide cohort in Hong Kong. Diabetes Metab. 2022, 48,
101307.

154. Patoulias, D.; Doumas, M. Dipeptidyl Peptidase-4 Inhibitors and COVID-19-Related Deaths among Patients with Type
2 Diabetes Mellitus: A Meta-Analysis of Observational Studies. Endocrinol. Metab. 2021, 36, 904–908.

155. Soare, A.; Gyorfi, H.A.; Matei, A.E.; Dees, C.; Rauber, S.; Wohlfahrt, T.; Chen, C.W.; Ludolph, I.; Horch, R.E.; Bauerle,
T.; et al. Dipeptidylpeptidase 4 as a Marker of Activated Fibroblasts and a Potential Target for the Treatment of Fibrosis
in Systemic Sclerosis. Arthritis Rheumatol. 2020, 72, 137–149.

156. Strollo, R.; Pozzilli, P. DPP4 inhibition: Preventing SARS-CoV-2 infection and/or progression of COVID-19? Diabetes M
etab. Res. Rev. 2020, 36, e3330.

157. Higashijima, Y.; Tanaka, T.; Yamaguchi, J.; Tanaka, S.; Nangaku, M. Anti-inflammatory role of DPP-4 inhibitors in a non
diabetic model of glomerular injury. Am. J. Physiol. Renal. Physiol. 2015, 308, F878–F887.

158. Trakarnvanich, T.; Satirapoj, B.; Suraamornkul, S.; Chirananthavat, T.; Sanpatchayapong, A.; Claimon, T. Effect of Dipe
ptidyl Peptidase-4 (DPP-4) Inhibition on Biomarkers of Kidney Injury and Vascular Calcification in Diabetic Kidney Dise
ase: A Randomized Controlled Trial. J. Diabetes Res. 2021, 2021, 7382620.

Retrieved from https://encyclopedia.pub/entry/history/show/65372


