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A dysregulated immune response characterized by the hyperproduction of several pro-inflammatory cy-
tokines (a.k.a. ‘cytokine storm’) plays a central role in the pathophysiology of severe coronavirus dis-
ease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In
this Perspective article we discuss the evidence for synergistic anti-inflammatory and immunomodulatory
properties exerted by vitamin D and dipeptidyl peptidase-4 (DPP-4) inhibitors, the latter being a class
of antihyperglycemic agents used for the treatment of Type 2 diabetes, which have also been reported
as immunomodulators. Then, we provide the rationale for investigation of vitamin D and DPP-4 inhibitor
combination therapy (VIDPP-4i) as an immunomodulation strategy to ratchet down the virulence of SARS-
CoV-2, prevent disease progression and modulate the cytokine storm in COVID-19.

Lay abstract: The so-called ‘cytokine storm’ that drives the hyperproduction of pro-inflammatory medi-
ators, plays a central role in the pathophysiology of severe coronavirus disease 2019 (COVID-19) caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Vitamin D has increasingly been
shown to play anti-inflammatory and immunomodulatory properties beyond its role in the regulation
of bone homeostasis. Similarly, dipeptidyl peptidase-4 inhibitors (DPP-4i) — a class of antihyperglycemic
agents used for the treatment of Type 2 diabetes — have been reported as immunomodulators regard-
less of their glucose-lowering properties. We, therefore, discuss the role of vitamin D and DPP-4 inhibitor
combination therapy (VIDPP-4i) as a potential immunomodulation strategy to prevent the development
and/or halt the progression of the COVID-19-induced cytokine storm, particularly in patients with diabetes
and cardiovascular disease.

Tweetable abstract: Vitamin D and DPP-4 inhibitors exert anti-inflammatory and immunomodulatory
properties. Vitamin D and DPP-4 inhibitor combination therapy (VIDPP-4i) may represent a valid therapeu-
tic approach to ratchet down the virulence of SARS-CoV-2 and modulate the cytokine storm in COVID-19.
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Since the coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was declared a pandemic on March 2020, there has been an unprecedented public health crisis
which has placed an enormous strain on healthcare systems worldwide. Older age, cardiovascular disease (CVD),
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diabetes, obesity, malignancy, chronic lung disease, chronic kidney disease and chronic liver disease have emerged
as independent risk factors for adverse clinical outcomes and mortality related to COVID-19 [1-3].

A dysregulated immune response called a ‘cytokine storm’ (also known as ‘cytokine-release syndrome’) and
characterized by an excessive increase in circulating levels of several pro-inflammatory cytokines (such as IL-1,
IL-2, IL-6, IFN-y and TNF) has been shown to play a central role in the pathophysiology of the most severe cases
of COVID-19, leading to acute respiratory distress syndrome (ARDS), disseminated intravascular coagulation,
multiorgan failure and ultimately death [4,5]. A marked activation and exhaustion of CD4" and CD8T T cells
accompanied by a skewing of T-cell activation toward T-helper (Th) 17 functional phenotype have been reported in
patients with COVID-19 and may contribute to the excessive production of effector pro-inflammatory cytokines
such as IL-2, TNF and IFN-y (4,6]. Patients with severe COVID-19 have higher serum concentration of IL-6, IL-10,
IL-2 and IFN-y, higher numbers of neutrophils in the peripheral blood and reduced counts of T cells (particularly
CD8™ T cells) compared with patients with mild disease (71. This suggests that the numbers of neutrophils and
T cells, as well as the circulating levels of pro-inflammatory cytokines in the peripheral blood are dynamically
correlated with the severity of COVID-19. It is possible that the peripheral lymphopenia — observed especially in
patients with severe COVID-19 — reflects the overactivation and functional exhaustion of T cells, as well as the
recruitment of lymphocytes to the respiratory tract or adhesion to inflamed respiratory vascular endothelium (s].
Moreover, increased B-cell activation and proliferation have also been correlated with adverse outcomes in severe
cases of COVID-19 [9). Emerging evidence also suggests that endothelial activation and dysfunction contribute
to COVID-19 pathogenesis by altering the integrity of vessel barrier, driving a procoagulant state, triggering
endothelial inflammation and mediating leukocyte infiltration [10,11].

Diverse SARS-CoV-2 vaccine types are becoming available in different countries and several repurposed drugs
have been used for the treatment of COVID-19 since the beginning of the pandemic [12]. Nevertheless, only a few
repurposed drugs have been shown to offer a certain degree of effectiveness in preliminary intervention trials [13].
In this Perspective article we propose vitamin D and dipeptidyl peptidase-4 (DPP-4) inhibitors as potential
candidates for prevention and modulation of cytokine storm in patients with COVID-19 based on the most recent
evidence. DPP-4 inhibitors (DPP-4i) represent a class of oral antihyperglycemic agents used for the treatment
of Type 2 diabetes (T2D) [14], which have also been reported to play anti-inflammatory and immunomodulatory
properties [15]. References for this manuscript were identified through searches of PubMed using the following terms:
‘vitamin D’, ‘cholecalciferol’, ‘calcifediol’, ‘calcidiol’, ‘dipeptidyl peptidase-4’, ‘DPP-4" and ‘DPP-4 inhibitors™ in
combination with ‘COVID-19’, ‘ACE2’, ‘SARS-CoV-2’, ‘cytokine storm’ and ‘cytokine-release syndrome’. With
regard to the literature pertaining to COVID-19, no criteria for publication data were set and we included articles
published in English between 1 January 2020 and 28 March 2021. We also checked reference lists in relevant
articles and Google Scholar for additional references. Articles resulting from these searches and relevant references
cited in those articles were reviewed. The final reference list was generated on the basis of relevance to the topics
covered in this publication.

Vitamin D & COVID-19

Over the last decade, a number of mechanistic studies demonstrated that vitamin D exerts anti-inflammatory
and immunomodulatory properties beyond its well-established role in the regulation of bone homeostasis [16,17].
These properties may occur 77 vivo upon the achievement of adequate serum 25-hydroxyvitamin D (25[OH]D)
levels, which amount to approximately 40-60 ng/ml (17]. The aforementioned properties are exerted by the bio-
logically active form of vitamin D, which is also referred to as 1,25-dihydroxyvitamin D3 or calcitriol. It has been
shown that vitamin D plays a central role in the regulation of innate and adaptive immune responses, promoting
antiviral effector mechanisms, reducing the expression of pro-inflammatory cytokines and inducing tolerogenic
responses [16-18]. In particular, calcitriol has been shown to: upregulate the transcription of antimicrobial peptides
(such as cathelicidin and defensin B2) in various human cell lines (myeloid cells, monocytes/macrophages, neu-
trophils and keratinocytes); promote the differentiation of monocytes/macrophages and enhance their chemotactic
and phagocytic capacity; inhibit the production of several pro-inflammatory cytokines (e.g., IL-6 and TNF-a) by
monocytes and macrophages; decrease macrophage antigen-presentation and T-cell stimulatory ability; elicit the
shift of macrophage polarization from the M1 pro-inflammatory phenotype (‘classically activated macrophages’) to-
wards the M2 anti-inflammatory phenotype (‘alternatively activated macrophages’); render the dendritic cells more
tolerogenic and reduce their antigen-presenting capacity; upregulate regulatory T cells; and favor the shift of T cells
from an ‘effector’ pro-inflammatory phenotype toward a ‘regulatory’ anti-inflammatory phenotype by reducing Th1
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and Th17 cell differentiation and promoting Th2 cell differentiation (16,17). Importantly, vitamin D receptor has
been identified in almost all immune cells [17], as well as in human airway epithelial cells [19]. The nearly ubiquitous
expression of vitamin D receptor enables vitamin D to exert its pleiotropic actions, including the regulation of
local ‘respiratory homeostasis” by upregulating the expression of antimicrobial peptides and/or by directly affecting
the replication of respiratory viruses [19]. Vitamin D deficiency (defined as serum 25-hydroxyvitamin D levels
less than 20 ng/ml) is a global health issue afflicting more than one billion children and adults worldwide [20].
Since the beginning of COVID-19 pandemic, vitamin D deficiency has been suggested as an independent risk
factor for SARS-CoV-2 infection and hospitalization, development of cytokine storm and poor outcomes related to
COVID-19 [21-26]. Moreover, the overlap between risk factors for vitamin D deficiency and severe manifestations
of COVID-19 (such as Black or Asian ethnic origin, living at higher latitudes, older age and obesity) [27,28] led re-
searchers to consider vitamin D deficiency and COVID-19 as two related pandemics [29]. In a large US retrospective,
observational study involving more than 190,000 patients with SARS-CoV-2 results from all 50 states, vitamin D
deficiency has been associated with significantly higher SARS-CoV-2 positivity rates [30]. Interestingly, the decrease
in SARS-CoV-2 positivity rate associated with 25(OH)D levels appeared to plateau as values approached 55 ng/ml,
suggesting that additional benefits exist when 25(OH)D levels are higher than the cut-off value used to define
vitamin D sufficiency for bone health (30 ng/ml) (301.

Several observational studies have showed that hospitalized patients with COVID-19 exhibit a markedly high
prevalence of hypovitaminosis D, and that vitamin D deficiency is associated with a more advanced disease radiologic
stage, along with a significantly higher risk of noninvasive mechanical ventilation and in-hospital mortality (31-35].
It has also been shown that serum vitamin D levels are significantly lower in severe/critical COVID-19 cases
compared with mild-to-moderate cases [35]. We recently showed that a lower vitamin D status upon admission is
significantly and independently associated with an increased risk of COVID-19-related in-hospital mortality [36].
A systematic review and meta-analysis of observational studies conducted by Pereira ez al. [37] confirmed a positive
association between vitamin D deficiency and COVID-19 severity. In this regard, it is worth mentioning that acute
illness and systemic inflammatory response can further lower circulating 25(OH)D levels (38,39, thus explaining,
at least in part, the high frequency of severe vitamin D deficiency observed in patients with infectious diseases,
including COVID-19 complicated by cytokine release syndrome.

Given the abovementioned anti-inflammatory and immunomodulatory properties of vitamin D, vitamin D
deficiency may exacerbate COVID-19 severity and mortality by triggering the hyperinflammatory state and the
cytokine storm associated with the most severe cases. Indeed, patients with COVID-19 and vitamin D deficiency
have been shown to exhibit significantly higher serum level of several inflammatory and coagulation biomarkers
such as C-reactive protein, IL-6, TNF-q, ferritin, fibrinogen and D-dimer [34,36,40]. Therefore, there has been a
growing interest in the use of vitamin D as an adjuvant anti-inflammatory and immunomodulatory agent aimed
to prevent SARS-CoV-2 infection and/or the progression of COVID-19 toward the severe stage of the disease
characterized by the development of cytokine release syndrome [21,41]. Pilot intervention studies investigating the
therapeutic role of vitamin D supplementation in COVID-19 yielded promising results. In particular, vitamin
D administration (at regular and high doses and in different formulations) has been proven safe and effective in
accelerating viral clearance, decreasing fibrinogen levels, reducing the severity of the disease as well as the need for
intensive care unit treatment among hospitalized patients (middle-aged and older adults) with COVID-19 [42-45].

Angiotensin-converting enzyme 2 (ACE2), the receptor used by SARS-CoV-2 for cellular entry [46], catalyzes
the cleavage of angiotensin II (Ang II) (a vasoconstrictor peptide) into angiotensin 1-7 (Ang-[1-7]) (a vasodilator
peptide), thus reducing blood pressure. Moreover, Ang-(1-7) induces nitric oxide synthase (NOS) and further
antagonizes Ang II activity via its Ang II type 1 receptor (AT1R) [47]. Following ACE2 receptor binding and
SARS-CoV-2 entry into host cells, there is a downregulation of ACE2, resulting in excessive accumulation and pro-
inflammatory activity of Ang II potentially accompanied by the development of lung injury, pneumonia, ARDS,
myocarditis and/or cardiac injury [48,49]. An analysis on gene expression data from cells in bronchoalveolar lavage
fluid from COVID-19 patients has also shown an atypical pattern of the renin-angiotensin system (RAS), which
is predicted to elevate bradykinin levels in multiple tissues and promote vasodilation, vascular permeability and
hypotension [50]. It has also been suggested that certain polymorphisms in coding, noncoding and regulatory sites of
the ACE2 gene may contribute to the worse clinical course of COVID-19 observed in males and in different regions
worldwide (51]. Thus, ACE2 polymorphisms may partly facilitate or reduce the risk of SARS-CoV-2 infection and
adverse outcomes of COVID-19 by affecting the translation regulation and expression of ACE2.
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Importantly, vitamin D has been suggested as a negative endocrine modulator of the RAS (47,491. Of note, vitamin
D may decrease the risk of SARS-CoV-2 infection and protect against the symptoms of COVID-19 by inhibiting
the synthesis of renin (a proteolytic enzyme and a positive regulator of Ang II) and by increasing ACE2 expression
and Ang-(1-7) production in the lung, thus preventing Ang II accumulation, decreasing the pro-inflammatory
activity of Ang II and reducing the risk of ARDS, myocarditis and cardiac injury [47,49).

Recently, it has also been suggested that polymorphisms of the vitamin D binding protein (DBP) gene may
influence circulating 25(OH)D levels and, as a consequence, COVID-19 pathophysiology (in terms of susceptibility
to and mortality from SARS-CoV-2 infection). DBP is a serum a-globulin encoded by the GC gene and represents
the major binding/transport protein of all vitamin D metabolites. Under physiological conditions, the majority of
vitamin D metabolites (85-90%) are tightly bound to DBP, whereas only 10-15% of the circulating vitamin D
is bound to albumin, and less than 1% represents the unbound (free) form of vitamin D. Besides mediating the
transport of vitamin D metabolites and regulating the access of such metabolites to cells and tissues, DBP exerts other
important functions such as fatty acid transport, actin scavenging, macrophage activation and chemotaxis [52,53].
Notably, a recent study revealed a significant association between the DBPI allele frequency and a lower COVID-
19 prevalence and mortality, suggesting that DBP1 carriers may be less susceptible to SARS-CoV-2 infection and
mortality related to COVID-19 [54]. However, further research is needed to better elucidate the relationship between
DBP and its polymorphisms, vitamin D and COVID-19 pathophysiology.

Dipeptidyl peptidase-4 (DPP-4), DPP-4 inhibitors & COVID-19

Dipeptidyl peptidase-4 (DPP-4, also referred to as cluster of differentiation 26 or CD26) is a serine exopeptidase
existing in two forms: a plasma membrane-bound form (mDPP-4, consisting of a type II transmembrane homod-
imeric glycoprotein) and a soluble form (sDPP-4). The soluble form maintains its enzymatic (peptidase) activity
and is thought to be released from the membrane into the circulation. DPP-4/CD26 is expressed ubiquitously
in several cells and tissues, including, but not limited to, kidney, lung, endothelia, liver, intestine and immune
cells such as T cells, activated B cells, activated natural killer cells and myeloid cells (s5]. DPP-4 has previously
been identified as a functional receptor for the spike protein of the Middle East respiratory syndrome coronavirus
(MERS-CoV) mediating the virus entry into host cells [56].

DPP-4 inhibitors (DPP-4i, also known as gliptins) have been widely used since 2006 as oral antihyperglycemic
agents for the treatment of T2D and have been proven effective in improving glucose control by preventing the
DPP-4-mediated cleavage and inactivation of incretin hormones, enhancing endogenous insulin secretion and
suppressing glucagon secretion [14]. DPP-4i include sitagliptin, saxagliptin, alogliptin, linagliptin and vildagliptin.
In April 2020, we published an article in Ce//R4 highlighting the possible therapeutic role of DPP-4 and DPP-4i
in COVID-19 pathophysiology [571.

Both SARS-CoV and SARS-CoV-2 use ACE2 as the primary receptor for viral entry into host cells [46]. However,
bioinformatics approaches combining human-virus protein interaction prediction, computational model-based
selective docking and protein-docking based on crystal structures suggest DPP-4 as a candidate binding target of
the receptor-binding S1 domain of the SARS-CoV-2 spike glycoprotein. In addition, the crucial binding residues of
DPP-4 are identical to those that are bound to the spike protein of MERS-CoV [58,59]. Since DPP-4 is ubiquitously
expressed in several cells and tissues other than lung and respiratory tract, it may therefore participate into the
direct SARS-CoV-2-mediated injury of such tissues. Thus, DPP-4 inhibition may have the potential to counteract
the DPP-4-mediated SARS-CoV-2 hijacking and virulence and to improve clinical outcomes of COVID-19 by
interfering with the interaction between SARS-CoV-2 and target host cells [60-62].

However, the main glucose-independent mechanisms that potentially account for beneficial effects of DPP-4i in
COVID-19 include the immunomodulatory, anti-inflammatory and antifibrotic properties exerted by these drugs,
which may represent a valid therapeutic tool to prevent or halt the progression toward the hyperinflammatory state
and cytokine storm associated with the most severe COVID-19 cases [63-65]. Indeed, a large number of studies
demonstrated that DPP-4/CD26 modulates both innate and adaptive immune responses [15,55]. DPP-4/CD26 is
expressed only on a fraction of resting T cells, while it becomes significantly upregulated upon T-cell activation [s5].
DPP-4/CD26 on T-cell surface induces co-stimulatory effects on T-cell activation, resulting in increased production
of Th1 and pro-inflammatory cytokines TNF-o, IFN-y and IL-6 [66]. CD26-mediated co-stimulation of CD8" T
cells exerts a cytotoxic effect primarily via granzyme B, IFN-y, TNF-a and Fas ligand [67). In a study conducted by
Bengsch ez al. (68], human Th17 cells producing type 17 cytokines (e.g., IL-17, IL-22, TNF) exhibited the highest
levels of enzymatically active DPP-4/CD26 compared with Th1, Th2 and regulatory T cells. Of note, the lowest
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CD26 expression levels were identified for IL-10-producing CD4* T cells and CD25"CD127- FOXP3* regulatory
T cells, suggesting suppressive effects exerted by CD26 on such anti-inflammatory cells (68]. Upon activation,
approximately 50% of human B cells express DPP-4/CD26 and targeted suppression of DPP-4 activity decreases
B-cell activation and DNA synthesis in a dose-dependent manner [55]. Remarkably, a recent large retrospective
cohort study conducted on 774,198 patients with T2D showed that the use of DPP-4i is associated with lower risk
of autoimmune disorders [69].

DPP-4 inhibition has been shown to attenuate lipopolysaccharide-induced lung injury in murine models of
ARDS and to inhibit the release of TNF-a, IL-6 and IL-8 by human lung microvascular endothelial cells (70).
Soare et al. [64] recently found that pharmacological inhibition of DPP-4 promoted regression of bleomycin-
induced dermal thickness in murine models of systemic sclerosis, and DPP4-knockout mice were less susceptible
to bleomycin-induced dermal and pulmonary fibrosis.

Of note, two Italian retrospective observational studies recently showed that the use of DPP-4i at the time of
hospital admission in patients with T2D and COVID-19 was associated with reduced mortality, improved clinical
outcomes, lower need for noninvasive mechanical ventilation and greater number of hospital discharges [71,72].
In the study conducted by Solerte ez al. (711, authors included 338 consecutive hospitalized T2D patients with
COVID-19 (169 were on standard of care, while 169 were on sitagliptin). Sitagliptin treatment at the time of
hospitalization was associated with reduced mortality (hazard ratio: 0.44 [95% CI: 0.29-0.66]; p = 0.0001), along
with an improvement in clinical outcomes (60 vs 38% of improved patients; p = 0.0001) and with a higher number
of hospital discharges (120 vs 89 of discharged patients; p = 0.0008) compared with patients receiving standard
of care, respectively [71]. The study conducted by Mirani er al. [72) was a case series involving 387 hospitalized
patients with COVID-19; 90 out of 387 participants (23.3%) had T2D. In diabetic patients, the use of DPP-4i
was significantly and independently associated with a lower risk of mortality (adjusted hazard ratio: 0.13; 95%
CI: 0.02-0.92; p = 0.042) [721. A recent systematic review and meta-analysis of observational studies found that
in-hospital DPP4i use is associated with a significantly reduced COVID-19 mortality in diabetic patients [73]. These
findings suggest that diabetic patients with COVID-19 taking DPP-4i may exhibit less severe COVID-19-related
pneumonia and end-organ complications.

Additionally, it has been suggested that DPP-4i may exert cardioprotective effects via various mechanisms involv-
ing insulin resistance, dysfunctional immunity, oxidative stress, apoptosis, dyslipidemia, adipose tissue dysfunction,
as well as antiapoptotic properties of these drugs in the heart and vasculature [74. A number of studies (mostly
preclinical) have shown that DPP-4i can facilitate wound healing, improve endothelial function and prevent the de-
velopment and progression of atherosclerosis by reducing neutrophil recruitment and activity, attenuating vascular
oxidative stress and modulating monocyte/macrophage-mediated responses [15].

Therefore, Du e al. 75] have recently proposed DPP-4 inhibition as a potential therapeutic strategy aimed to
alleviate the cardiovascular injury (including arrhythmia, acute coronary syndrome and heart failure) caused either
directly by SARS-CoV-2 or indirectly by the COVID-19-induced cytokine storm. We previously conducted an in
vitro study to assess the effects of the DPP-4 inhibitor sitagliptin on human peripheral blood mononuclear cells from
healthy volunteers [76]. We demonstrated that sitagliptin is able to markedly reduce the expression of IL-6, IL-17
and IFN-y and to stimulate the differentiation of Th1 and Th17 cells into TGF-B1-secreting regulatory cells with
low CD26 expression [76]. A number of short-term randomized controlled trials demonstrated that sitagliptin exerts
anti-inflammatory properties in patients with T2D, resulting in increased expression of IL-10 (an anti-inflammatory
cytokine) and reduced expression of various markers of low-grade inflammation, pro-inflammatory cytokines and
cell adhesion molecules, such as C-reactive protein, IL-6, IL-18, TNF-a, serum amyloid A-low-density lipoprotein
(SAA-LDL) complex, secreted phospholipase-A2 (sPLA2), soluble intercellular adhesion molecule-1 (sICAM-1)
and E-selectin [77-79]. A recent Phase II clinical trial published in 7he New England Journal of Medicine showed that
sitagliptin in combination with a standard immunosuppressive regimen of tacrolimus and sirolimus resulted in a
low incidence of acute graft-versus-host disease by day 100 after myeloablative allogeneic hematopoietic stem-cell
transplantation [80].

The anti-inflammatory and immunomodulatory properties of DPP-4i may therefore represent a further advantage
in the prevention or management of cytokine storm in COVID-19. An alternative (but not mutually exclusive)
explanation for the protective effects of DPP-4i against SARS-CoV-2 infection and progression relies on the
hypothesis that pharmacological inhibition of DPP-4 may lead to a significant rise in circulating levels of the
soluble form of DPP-4 (sDPP-4) (81}, as it has been demonstrated in mice [82]. The subsequent relative abundance
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of sDPP-4 could offer binding sites for SARS-CoV-2, thus preventing or limiting the attachment of the virus to
the membrane-bound DPP-4 (mDPP-4) on target host cells, such as pneumocytes, endothelial cells or other cells
relevant for viral spread and replication (81].

Proposed synergistic effects of vitamin D & DPP-4 inhibitors in COVID-19

Based on the aforementioned remarks, vitamin D and DPP-4i appear to exert synergistic anti-inflammatory and
immunomodulatory effects that can be leveraged to ratchet down the virulence of SARS-CoV-2 and prevent the
development and/or halt the progression of COVID-19-induced cytokine storm.

Our group (83-87] and other authors (88,89] previously showed that combination therapy with vitamin D and
DPP-4i (VIDPP-4i) has the potential ability to protect beta-cell function in autoimmune diabetes. We also reported
for the first time a remarkable clinical improvement after 3-year combination therapy with sitagliptin and vitamin
D3 in a patient with mononeuritis multiplex, an unusual form of peripheral neuropathy characterized by the
presence of perineuritis [90,91]. Recent % vitro and in vivo studies conducted in patients with T2D demonstrated
that VIDPP-4i is able to: reduce the expression of pro-inflammatory cytokines (IFN-y and IL-17); decrease the
proliferation of CD4™ T cells and non-CD4™ cells; increase the levels of the anti-inflammatory cytokine IL-4;
and upregulate the expression of IL-37 and FOXP3 (Forkhead box protein P3), which are well-known markers for
regulatory T cells [92-94].

Furthermore, a study conducted in a rat model of fructose/salt-induced insulin resistance showed that the
addition of vitamin D3 to the DPP-4i vildagliptin potentiated the renoprotective effects of vildagliptin, which
consisted of a series of renal anti-inflammatory, antifibrotic, antioxidant and anti-apoptotic actions [95]. These
findings may have additional clinical implications for COVID-19. In fact, chronic kidney disease has emerged
as an independent risk factor for poor outcomes related to COVID-19 (1] and SARS-CoV-2 may cause kidney
injury through direct cytopathic effects and indirect mechanisms secondary to the cytokine storm and the systemic
involvement of the disease (96]. Overall, these findings suggest that vitamin D and DPP-4i administered together exert
anti-inflammatory and immunomodulatory actions to a greater extent than vitamin D or DPP-4i administered
alone. Moreover, VIDPP-4i may exert protective effects against endothelial dysfunction 97,98], which has been
shown to play an important role in COVID-19 pathophysiology [10]. Figure 1 illustrates the potential protective
effects of VIDPP-4i against SARS-CoV-2 infection and COVID-19 progression to the hyperinflammatory state
and cytokine storm.

Conclusion

In conclusion, randomized controlled trials are warranted to determine whether VIDPP-4i represents an effective
therapeutic intervention for prevention of COVID-19 progression to severe stages and modulation of the cytokine
storm, which still represent unmet needs for reducing COVID-19-related hospitalization and mortality rates,
particularly in vulnerable and high-risk populations such as diabetic patients.

Future perspective

Given its proven favorable safety profile (even when administered in high doses) [99], its inexpensive cost and ease
of administration, vitamin D supplementation may be a simple therapeutic intervention to prevent disease pro-
gression and/or modulate the cytokine storm in COVID-19. On the other hand, DPP-4i exert anti-inflammatory,
immunomodulatory and antifibrotic actions beyond their well-known role as glucose-lowering drugs for treatment
of T2D. Importantly, DPP-4i are among the noninsulin glucose-lowering agents which have proven to be safe
and effective (alone or in combination with insulin therapy) for management of T2D in the hospital [100,101]
and outpatient settings [102], even in the context of COVID-19 [103]. This may facilitate the use of DPP-4i in
hospitalized patients with COVID-19, without posing additional risks for serious adverse events, including hypo-
glycemia [102]. Accordingly, practical recommendations for the management of diabetes in patients with COVID-19
do not suggest discontinuation of DPP-4i [104]. A recent systematic review and meta-analysis of the Cardiovascular
Outcomes Trials conducted by Grenet et al. [105) found that DPP-4i were not associated with either a decreased
or an increased risk of overall (non-COVID-19) respiratory tract infection compared with placebo, thus sup-
porting the practical recommendations for the management of diabetes during the COVID-19 pandemic. With
this regard, the use of VIDPP-4i may offer a simple and safe means to hamper the hyperinflammatory state and
cytokine storm in patients with COVID-19. In addition, the antihyperglycemic properties of DPP-4i, combined
with the anti-inflammatory actions of such compounds reported in preclinical and clinical studies of endothelial
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tamin D actions

refer to those exerted by the biologically active form of vitamin D, which is also known as 1,25-dihydroxyvitamin D3 or calcitriol.
ACE2: Angiotensin-converting enzyme 2; Ang-(1-7): Angiotensin 1-7; Ang Il: Angiotensin Il; COVID-19: Coronavirus disease 2019; CRP:

C-reactive protein; DPP-4i: DPP-4 inhibitors; FOXP3: Forkhead box protein P3; IFN-y: Interferon-gamma; IL: Interleukin;

activated macrophages; mDPP-4: Membrane-bound DPP-4; RAS: Renin-angiotensin system; SAA-LDL complex: Serum a

M2: Alternatively
myloid

A-low-density lipoprotein complex; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; sDPP-4: Soluble form of DPP-4;
sICAM-1: Soluble intercellular adhesion molecule-1; sPLA2: Secreted phospholipase-A2; TGF-81: Transforming growth factor-beta 1; Th: T
helper cell; TNF-a: Tumor necrosis factor-alpha; Treg: Regulatory T cell; VIDPP-4i: Vitamin D and DPP-4 inhibitor combination therapy.

dysfunction and atherosclerosis, make VIDPP-4i combinatorial approach an intriguing theurapeutic strategy that
may be particularly advantageous for patients at high risk for adverse outcomes related to COVID-19, especially
for those with comorbid T2D and/or cardiovascular disease and atherosclerosis [106]. Nonetheless, DPP-4i have
been investigated in numerous preclinical models of inflammatory diseases, such as arthritis, inflammatory bowel
disease and multiple sclerosis [107]. Therefore, the wide repertoire of candidate DPP-4 substrates (e.g., cytokines,
chemokines and neuropeptides) and the immunomodulatory actions of DPP-4i suggest that DPP-4i have a broad
range of potential therapeutic applications. This may prompt the repurposing of DPP-4i as anti-inflammatory and
immunomodulatory agents for the management of different inflammatory diseases, including COVID-19-induced
cytokine storm [15,107].

Finally, vitamin D and DPP-4i may also play a role in the prevention of SARS-CoV-2 infection through
mechanisms independent of their effects on innate and adaptive immunity. Indeed, vitamin D and DPP-4i might
hamper different steps of the viral entry and viral infection cycle of SARS-CoV-2, specifically by interfering with
RAS and ACE/Ang II/AT1R axis, and by counteracting the SARS-CoV-2-mediated downregulation of ACE2
expression as well as the interaction between DPP-4 and the receptor-binding S1 domain of the SARS-CoV-2 spike
glycoprotein. However, these hypotheses need to be validated by robust mechanistic evidence.
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Executive summary

Coronavirus disease 2019-induced cytokine storm

Vitamin D & COVID-19

Dipeptidyl peptidase-4 inhibitors & COVID-19

VIDPP-4i combination therapy & COVID-19

A dysregulated immune response called ‘cytokine storm’ occurs in the most severe cases of coronavirus disease
2019 (COVID-19) and consists of an excessive production of pro-inflammatory cytokines.

The cytokine storm can lead to acute respiratory distress syndrome, disseminated intravascular coagulation,
multiorgan failure and ultimately death.

Even though several repurposed drugs have been used for the treatment of COVID-19, only a few of them have
been shown to offer a certain degree of effectiveness in preliminary intervention trials.

Vitamin D has been shown to exert anti-inflammatory and immunomodulatory properties, promoting antiviral
effector mechanisms, reducing the expression of pro-inflammatory cytokines and inducing tolerogenic responses.
Vitamin D has also been suggested to inhibit the synthesis of renin and to increase the expression of ACE2 and
angiotensin 1-7 in the lung, thus preventing angiotensin Il (Ang Il) accumulation and reducing the Ang Il
pro-inflammatory activity.

Observational studies found that a lower vitamin D status correlates with higher severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) positivity rates in the general population, along with higher levels of
pro-inflammatory cytokines and worse prognosis in hospitalized patients with COVID-19.

Preliminary findings from pilot intervention studies suggest that vitamin D administration may be effective in
accelerating the viral clearance and reducing the disease severity in hospitalized patients with COVID-19.

Dipeptidyl peptidase-4 (DPP-4) has been suggested as a candidate binding target of the receptor-binding S1
domain of the SARS-CoV-2 spike glycoprotein.

DPP-4 inhibitors (DPP-4i, a.k.a. gliptins) are a class of oral antihyperglycemic agents widely used for the treatment
of Type 2 diabetes.

DPP-4 inhibition may have the potential to interfere with the interaction between SARS-CoV-2 and target host
cells.

Emerging evidence suggests that DPP-4 inhibitors exhibit imnmunomodulatory, anti-inflammatory and antifibrotic
properties beyond their well-established role as antihyperglycemic agents.

Observational studies have recently showed that the use of DPP-4 inhibitors was associated with improved clinical
outcomes in hospitalized patients with Type 2 diabetes and COVID-19.

Based on emerging evidence coming from studies conducted in autoimmune diabetes, vitamin D and DPP-4
inhibitors appear to exert synergistic anti-inflammatory and immunomodulatory effects.

According to the aforementioned remarks, vitamin D and DPP-4 inhibitor combination therapy (VIDPP-4i) may
represent a valid therapeutic approach to ratchet down the virulence of SARS-CoV-2, prevent disease progression
and modulate the cytokine storm in COVID-19, particularly in patients at high risk for COVID-19-related adverse
outcomes such as those with comorbid diabetes, cardiovascular disease and/or atherosclerosis.

VIDPP-4i may also play a role in the prevention of SARS-CoV-2 infection by interfering with renin-angiotensin
system and ACE/Ang II/AT1R axis, and counteracting the SARS-CoV-2-mediated downregulation of ACE2 as well
as the interaction between DPP-4 and the SARS-CoV-2 spike glycoprotein.

Randomized controlled trials are needed to establish whether VIDPP-4i represents a safe and effective
intervention for prevention of SARS-CoV-2 infection and COVID-19 progression to the cytokine storm.
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