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Abstract: Dysregulation of the immune response plays an important role in the progression of
SARS-CoV-2 infection. A “cytokine storm”, which is a phenomenon associated with uncontrolled
production of large amounts of cytokines, very often affects patients with COVID-19. Elevated
activity of chemotactic cytokines, called chemokines, can lead to serious consequences. CXCL10 has
an ability to activate its receptor CXCR3, predominantly expressed on macrophages, T lymphocytes,
dendritic cells, natural killer cells, and B cells. So, it has been suggested that the chemokine CXCL10,
through CXCR3, is associated with inflammatory diseases and may be involved in the development
of COVID-19. Therefore, in this review paper, we focus on the role of CXCL10 overactivity in the
pathogenesis of COVID-19. We performed an extensive literature search for our investigation using
the MEDLINE/PubMed database. Increased concentrations of CXCL10 were observed in COVID-19.
Elevated levels of CXCL10 were reported to be associated with a severe course and disease progression.
Published studies revealed that CXCL10 may be a very good predictive biomarker of patient outcome
in COVID-19, and that markedly elevated CXCL10 levels are connected with ARDS and neurological
complications. It has been observed that an effective treatment for SARS-CoV-2 leads to inhibition
of “cytokine storm”, as well as reduction of CXCL10 concentrations. It seems that modulation of
the CXCL10–CXCR3 axis may be an effective therapeutic target of COVID-19. This review describes
the potential role of CXCL10 in the pathogenesis of COVID-19, as well as its potential immune–
therapeutic significance. However, future studies should aim to confirm the prognostic, clinical, and
therapeutic role of CXCL10 in SARS-CoV-2 infection.

Keywords: SARS-CoV-2; COVID-19; chemokine; CXCL10; inflammation; cytokine

1. Introduction

In December 2019, a novel highly pathogenic coronavirus was discovered in patients
with infectious respiratory disease in Wuhan, in the Chinese province of Hubei. The disease
caused by Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), nowadays
known as the Coronavirus Disease 2019 (COVID-19), has spread rapidly around the world,
triggering a pandemic [1]. It has been observed that the SARS-CoV-2 infection can cause
a wide spectrum of clinical manifestations [2]. It is well known that COVID-19 in most
cases is asymptomatic or mild with symptoms such as fever, dry cough, headache, muscle
and joint pain, loss of smell and taste, and characteristic exhaustion and tiredness [3,4].
Unfortunately, sometimes SARS-CoV-2 infection may develop into a critical condition or
even death in the course of an excess of the immune system. This can lead to serious
tissue damage, as well as long-term complications of COVID-19 disease [5]. The SARS-
CoV-2 coronavirus mainly affects the respiratory system of the patient via the angiotensin-
converting enzyme 2 (ACE-2) receptors. In the respiratory system, by binding to the
cells that build the alveoli of the lungs, it causes various symptoms, from completely
non-threatening to respiratory failure requiring intensive care [6,7]. In the cardiovascular
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system, SARS-CoV-2 infection leads to complications such as infarction and inflammation
of the heart muscle, exacerbation of heart failure, and arrhythmias [8]. On the other hand,
the severe course of COVID-19 could be associated with serious neurological symptoms,
including stroke, which indicates the entry of the virus into the central nervous system [9].
So, as can be seen, the SARS-CoV-2 virus can have an effect on every organ and the infection
can lead to multisystem inflammatory syndrome. Although many different factors such
as matrix metalloproteinases or vascular endothelial growth factors are involved in the
course of immunological processes, undoubtedly one of the main regulatory factors are
cytokines [10–12]. Cytokines are pleiotropic, which means that they can act on many
different cell populations and exert different effects [13]. Long-term cytokine activity
results in excessive levels of cytokines which are known as a “cytokine storm” [14]. An
important group of cytokines are chemokines, which are classified according to their
structure. A crucial role of chemokines in the recruitment of white blood cells to sites
of inflammation [15]. For about two years, intensive research has been carried out on
chemokines and chemokine receptors, which has resulted in the discovery of new functions
and confirmation of their involvement in the development of COVID-19 disease. It has
been observed that the expression of chemokines and their receptors can be positively
or negatively regulated for their level of transcription by a variety of factors, including
the SARS-CoV-2 virus [16–19]. Moreover, it has been identified from several studies that
chemokine ligand 10 (CXCL10, IFN-γ-induced protein-10) is a very important factor that
regulates many processes in the body, in particular, modulating the course and the intensity
of inflammation caused by SARS-CoV-2 (Figure 1) [20–22]. In response to SARS-CoV-
2 and increased activity of IFN-γ, this chemokine is produced by a wide range of cell
types including neutrophils, monocytes, endothelial, or dendritic cells [23,24]. In turn,
CXCL10 is selective ligand for CXCR3, which is mainly expressed on macrophages, T
lymphocytes, dendritic cells, natural killer cells, and B cells. The CXCL10-CXCR3 axis
has essential roles for the immune system. It has been revealed that normally it regulates
immune cell differentiation, activation, and migration [25]. On the other hand, CXCL10
with CXCR3 have very important roles in selective cells recruitment to inflamed sites and
in the intensification of inflammation, and also tissue damage. One of the main functions
of CXCL10 is to promote the recruitment of CD8+ and Th1-type CD4+ effector T cells to
infected or inflamed tissues. Moreover, it has been proven that CXCL10 promotes the
accumulation of CD4+ and CD8+ T cells in infected tissues. Therefore, overactivity of the
CXCL10–CXCR3 axis is associated with the development of some diseases. The abnormal
activity of the axis has been observed in several autoimmune diseases including rheumatoid
arthritis or systemic lupus erythematosus and cancers e.g., skin or brain cancers [26–29].
So, knowing that CXCL10 through CXCR3 is associated with inflammatory diseases, it has
been suggested that the CXCL10–CXCR3 axis may be probably involved in development of
COVID-19. Therefore, this review focused on the role of CXCL10 in SARS-CoV-2 infection.
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Figure 1. CXCL10 in SARS-CoV-2 infection.

2. Material and Methods

We performed a comprehensive literature search covering the period up to the end of
February 2022 using the MEDLINE/PubMed database with the following search strategy:
key words “SARS-CoV-2” (148,053 studies). Then we used the key words “SARS-CoV-2
AND chemokines” and a total of 731 papers were found. A search including the key words
“SARS-CoV-2 AND CXCL10” produced a total of 118 papers. In the next step, we limited
studies to studies in English and we excluded duplicates or all non-significant papers (i.e.,
papers that did not concern CXCL10). Finally, 44 publications concerning CXCL10 were
included in the review. All studies found were published between May 2020 and February
2022. All steps are presented in the PRISMA Flow Diagram (Figure 2) [30].
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3. Results
3.1. Severity and Potential Risk Factors of the Disease

Acute respiratory distress syndrome (ARDS) associated with COVID-19 can be con-
sidered a direct cause of death in many patients. It has been observed that ARDS caused
by SARS-CoV-2 has different and distinctive pathogenesis in comparison to ARDS caused
by e.g., bacterial infections. Therefore, Blot M. et al. compared cytokine response be-
tween COVID-19-related ARDS and non-COVID-19 ARDS. Using the Luminex assay,
researchers measured the concentrations of 45 plasma and bronchoalveolar lavage fluid
(BALF) biomarkers, including chemokines. They revealed that plasma and epithelial lining
fluid CXCL10 concentrations were increased in group of patients with ARDS caused by
COVID-19 in comparison to non-COVID-19 groups of patients. Moreover, CCL5, CXCL2,
and CXCL1 concentrations were higher in patients with SARS-CoV-2 infection. Obviously,
it was also observed that the number of ventilator-free days was higher in non-COVID-19
group in comparison to group of patients infected with SARS-CoV-2. It is worth pointing
that only CXCL10 concentrations correlated with the number of ventilator-free days [31].
Going forward, it is well known that T lymphocytes are a very important component of the
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immunological system by, e.g., activation of other immune components and elimination of
infected cells [32]. Therefore, taking into account that CXCL10 is the main ligand for CXCR3
receptor presented on effector T lymphocytes, it seems that the chemokine is probably one
of the key mediators causing dysregulation of immune responses in COVID-19. It has been
suggested that it may be a predictor of mechanical ventilation necessity in patients infected
by SARS-CoV-2. Moreover, if a significant association between CXCL10 and COVID-19
immune response was observed, potential therapy targeting the CXCL10–CXCR3 axis
should be take into consideration [31].

Ravindran et al. evaluated dynamics of immune response in patients with COVID-19.
They measured the concentration of 48 proinflammatory factors in plasma samples from
patients with SARS-CoV-2 infection. They observed that, at the time of hospital admission
(one week after symptoms appeared), levels of cytokines and chemokines (CXCL10, eotaxin,
G-CSF, Gro-α, CCL5, IL-2Rα, MCP-1, SCGF-β) were markedly elevated. Importantly, only
CXCL10 levels fell after the patient’s condition improved. It was also observed that
CXCL10 concentration was seven times higher in severe and almost four times higher
in mild/moderate courses of COVID-19 in comparison to healthy controls. The level of
CXCL10 differs also according to the severity of disease, being 100% higher in severe when
compared to milder cases of COVID-19. The lower levels of chemokines after improvement
of health and a mild course of disease indicate a reduction of inflammatory response [22].
So, it has been suggested that abnormal CXCL10 levels at hospital admission may predict
COVID-19 outcome [21]. Similar results were obtained by other scientists who observed
that patients with severe courses of COVID-19 have significantly elevated concentrations
of CXCL10 [33,34].

Tripathy et al. compared pro-inflammatory cytokines and chemokines level between
healthy, asymptomatic, and symptomatic patients. They revealed that besides cytokines
such as IL-6 and TNF-α, CXCL10 was also increased in all above-mentioned patients with
SARS-CoV-2 infection. Moreover, only CXCL10 was markedly elevated in symptomatic
patients when compared to those without symptoms, and its concentration was higher in
recovered patients in comparison to healthy ones. Summarizing, CXCL10 was the lowest
in healthy patients, but higher in recovered and asymptomatic ones, and was the highest in
patients with mild symptoms of SARS-CoV-2 infection. The differences were significant [35].
Also, another study revealed that patients with a severe course of COVID-19 have increased
levels of CXCL10 [36]. The studies are evidence that show that production of CXCL10,
with a high probability, increases the progression of COVID-19. However, in contrast to
Ravindran et al., overexpression of CXCL10 about two months after the onset of symptoms
of the disease was observed. This indicates that immunological reaction normalized for a
longer time than observed improvement of patients’ conditions [35]. On the other hand, in
the study by Kesmez Can et al., no significant differences of CXCL10 were observed among
discharged and ex-patients in the severe group. However, as authors suggest, it may be
related to the advanced age and small number of patients [36].

3.1.1. Metabolic Aspects

Wang et al. tried to find the connection between CXCL10 and leptin, knowing that
the obesity is associated with dysregulation of chemokines’ production and that leptin
is linked to metabolic dysregulation and immune response within, e.g., T cells [33,37,38].
Interestingly, they revealed that there is association between chemokine and leptin in the
context of the prediction of disease course or lymphocyte count [33]. Accordingly, it has
been observed that patients with elevated body mass index (BMI) have died more often
due to COVID-19 in comparison to those with normal BMI [39,40]. Földi et al. observed
that obesity is a risk factor associated with admission to critical care units. Moreover, the
requirement of mechanical ventilation is higher for patients with obesity [41]. In addition,
in overweight non-survivors groups, the disease symptoms at admission were more intense.
Basheer et al. also revealed the association between mortality in those patients’ group and
cytokine storm syndrome. They showed that serum concentration of CXCL10 was almost
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three times higher at admission in comparison to samples taken after improvement of
patients’ conditions. Moreover, CXCL10 levels were markedly elevated (4,5-fold) in the
non-surviving group, which means in severe or critically ill patients, when compared to
survivors. It seems that the results presented by Basheer et al. are in accordance to above
described study by Maurya et al. [37,39].

3.1.2. Gender

It has been observed that non-survivor patients are more often males [39]. It may be
related to different immune response to SARS-CoV-2 between sexes. It is well known that
monocytes play a role in the inflammatory and anti-inflammatory processes and monocytes
are one of the major components of the innate immune system. Additionally, the CXCR3
receptor of CXCL10 is expressed by monocytes or macrophages and infections induce the
synthesis of chemokines by human peripheral blood mononuclear cells (PBMCs). Knowing
that SARS-CoV-2 drives e.g., monocytes to induce host immune response, it seems that
COVID-19 progression is associated with overexpression of CXCL10. Therefore, Agarwal
et al. tried to compare the immune response to SARS-CoV-2 of monocytes and dendritic
cells between males and females. They isolated PBMCs from healthy patients and then
the cells were infected by coronavirus. They observed that activation of monocytes in
females in comparison to males was higher and PBMCs from females showed increased
CD86 and HLA-DR on dendritic cells. In addition, the secretion of CXCL-10 by PBMCs
was observed at 24 h, but the production of CXCL10 was significantly higher in males.
Taking into account above, the results suggest that decreased activation of PBMCs and
contrastingly increased synthesis of CXCL10 may be associated with the fact that males are
non-survivors more frequently [42].

3.1.3. Intestine

An interesting study conducted by Zhang et al. has demonstrated the effect of SARS-
CoV-2 on gut microbiota composition and short chain fatty acid (SCFAs) metabolism.
Scientists revealed that patients with COVID-19 had significant alterations in gut micro-
biota in comparison to the control group. Prolonged impairment of SCFAs and L-isoleucine
biosynthesis has been observed in patients with COVID-19. In addition, lack of L-isoleucine
and SCFA synthesis negatively correlated with the severity of disease. Surprisingly, there
was also a negative correlation of L-isoleucine with CXCL10 and CRP plasma concen-
trations. Therefore, it has been speculated that gut microbiota plays an important role
in dysregulation of the SARS-CoV-2-induced immune response. The conducted analysis
and the obtained results indicate that gut microbiome may have a potential impact on
host immunity and, inter alia, the level of CXCL10. Altogether, the imbalance between
pro-inflammatory CXCL10 and impaired capacity for biosynthesis of anti-inflammatory
SCFAs or L-isoleucine is probably an important factor affecting the COVID-19 severity [43].

3.1.4. Nervous System

Speaking of post-COVID-19 complications usually mean respiratory complications.
Meanwhile, it is already known that SARS-CoV-2 infection can lead to serious damage
of the nervous system, both central (CNS) and peripheral (PNS). Probably, changes in
nervous system are caused by an impaired inflammatory reaction. The entry of SARS-CoV-
2 into the CNS is possible by ACE-2, neuropilin-1 (NRP-1), and transmembrane serine
protease 2 (TMPRSS2) receptors that are expressed in olfactory epithelium of the nasal
cavity and on the brain cells [44,45]. SARS-CoV-2, due to impairment of physiological
cellular mechanisms and excessive activity of various cytokines and chemokines, attacks
immune cells including macrophages, neutrophils, and T cells at the site of inflammation.
Olivarria et al. performed research on mice, which suggested that CXCL10 plays an
important role in neuroinflammation, consisting of mainly macrophages, monocytes, and
T cells. It was observed that CNS infection of mice and viral replication in neurons were
connected, with elevated expression of the following chemokines: CXCL10, CXCL9, CCL2,



Int. J. Mol. Sci. 2022, 23, 3673 7 of 13

CCL5, and CCL19. However, the highest transcript levels were observed for CXCL10
and CXCL9. This can be explained by the fact that these particular chemokines are T
lymphocyte chemoattractants, but interestingly, authors did not detect a robust T cell
response in SARS-CoV-2 infection of CNS [46]. On the other hand, it has been revealed
that increased levels of CXCL10 are associated with a Th17-mediated cytokine storm in
SARS-CoV-2 [47–49].

Moreover, it has been observed that selected cytokines can cross the blood-brain
barrier (BBB). Additionally, it has been revealed that CXCL10 can cause dysfunction of
BBB and, as a result, increase the permeability of BBB, allowing coronavirus entry into the
CNS. In summary, activated immune cells produce greater amounts of pro-inflammatory
factors leading to cytokine storm [50]. Therefore, cytokine storm manifesting elevated
levels of CXCL10 and coronavirus neuroinvasion are a possible reason for neurological
manifestations and COVID-19-related severe nervous system complications.

3.1.5. Association with Other Proinflammatory Factors

As mentioned above, CXCL10 is responsible for, inter alia, stimulation of monocytes
or NK cells, migration of T lymphocytes, or modulation of the expression of adhesion
molecules [51,52]. At the same time, it is known that CXCL10 or CRP-stimulated monocytes
produce IL-6. Moreover, IL-6, similar to CXCL10, has the ability to affect T lymphocytes.
For this reason, among others, some authors have tried to find a relationship between the
concentration of CXCL10 and IL-6 in COVID-19 patients. It has been observed that both
CXCL10 and IL-6 are increased and associated with systemic inflammation in SARS-CoV-2
infection [36,53,54]. Positive correlations between concentrations of CXCL10 and CRP, and
between CXCL10 and IL-6 have been revealed. Moreover, the levels of CXCL10 and IL-6
are more than 10 times higher in patients with severe course and mild–moderate COVID-19
in comparison to healthy volunteers. Unfortunately, increased concentrations of CXCL10
and IL-6 were associated with poor prognosis [36].

Diagnostic significance of the most pro-inflammatory factors, CXCL10, TNF-α, IL-
4, and IL-1β, has been evaluated. Tripathy et al. performed ROC curve analysis for
all analytes, which generates the best cut-off points, potentially indicating that it could
be used for differentiation of healthy and infected by SARS-CoV-2 asymptomatic and
mildly symptomatic patients. At generated cut-offs for CXCL10 (124.9 pg/mL), TNF-α
(29.19 pg/mL), IL-4 (1.395 pg/mL), and IL-1β (0.545 pg/mL), the area under the ROC curve
(AUC) was the highest for CXCL10 (0.992) with the sensitivity of 97.3% and specificity of
91.7%. However, for all analyzed parameters, it was higher than 0.9. So, summarizing for
CXCL10, it has the best diagnostic value, but all above-mentioned markers may be used for
the diagnosis of SARS-CoV-2 infection [35].

3.2. Treatment
3.2.1. Traditional Chinese Medicine

Unfortunately, there is no specific treatment available for COVID-19 and the therapy
depends on the intensity of the symptoms. Nowadays, research is ongoing to develop new
and the best COVID-19 therapies. Ma Q. et al. tried to evaluate the anti-inflammatory and
antiviral effect of traditional Chinese medicine (TCM), including Liu Shen Capsule (LS) and
Remdesivir. Researchers measured the effect of drugs on the African green monkey kidney
epithelial cells (Vero E6) and human hepatocellular carcinoma cell lines (Huh-7) infected
with SARS-CoV-2. They observed the reduction of SARS-CoV-2-induced cytopathic effect
after 3 days incubation with TCM. Knowing that coronavirus induces strong inflammation
reactions, they evaluated the expression of the most important pro-inflammatory cytokines,
including CXCL-10 and CCL-2. Primarily, significantly elevated levels of chemokines in
the virus group were reduced after treatment. Therefore, it seems that chemokines activity
can be reduced by TCM. In addition, the level of CXCL-10 was the lowest after treatment
with Remesdivir at5 µM, whereas CCL-2 was lowest after treatment with LS at a dose
of2 µg/mL [55]. Scientists also studied the effect of Qingwenjiere (QJM) mixture on the
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human coronaviruses and, to our knowledge, the effect of QJM on SARS-CoV-2 has not
been noted in other studies. Xie P. et al. used human rectal carcinoma cells (HRT-18),
rhesus monkey kidney epithelial cells (LLC-MK2), Vero E6, and Huh-7 cells, and the cells
were infected by four types of coronaviruses: HCoV-OC42, HCoV-229E, HCoV-NL63, and
SARS-CoV, respectively. Then, the expression of various pro-inflammatory factors has been
evaluated. In summary, QJM has been shown to be an effective drug that reduced virus-
induced mRNA expression of, inter alia described in this review, CXCL10 [56]. Moreover,
Lianhuaqingwen (LH) has been used to treat SARS-CoV-2 infection. This in vitro study
shows the ability of LH to reduce replication of SARS-CoV-2 and production of CXCL10,
as well as TNF-α and IL-6 at mRNA levels [57]. The changes of CXCL10 and other pro-
inflammatory cytokines suggest that TCM may inhibit and block the cytokine storm caused
by coronavirus infection. So, it seems that TCM have broad antiinflammatory and antiviral
activity against human SARS-CoV-2.

3.2.2. Toll-like Receptors

Gene therapy is emerging as a treatment option in wide spectrum of diseases, and it
was suggested that toll-like receptors’ (TLRs) gene modulation may be an effective option in
COVID-19 treatment. Mammalian TLRs are proteins activated to help in the innate immune
response, which is often the first line of the defense against infections and diseases [58]. The
TLR family consists of 13 members, triggering the secretion of interferons and cytokines
in response to viral infections, including SARS-CoV-2. It was observed that the toll-like
receptor 7 (TLR7) gene is associated with poor prognosis among patients with COVID-
19 [59,60]. In an interesting study conducted by Mantovani et al., it has been observed
that stimulation of TLR7 in supernatants of stimulated PBMCs results in upregulation of
211 genes, including the CXCL10 gene, in comparison to unstimulated PBMCs. Moreover,
authors identified loss-of-function variants of TLR7 in males with diagnosed COVID-19.
The impaired signal pathways of TLR7 were associated with the changes of mRNA CXCL10.
It was reported that the CXCL10 mRNA was significantly decreased in two rare variants
of TLR7: 920Lys and Asp41Glu in patients with SARS-CoV-2 infection in comparison to
healthy donors [61]. The Described study is in accordance with previous findings focusing
on the role of TLR7 and CXCL10, which is directly associated with TLR7 in severe course
of COVID-19 [59,61].

3.2.3. Corticosteroids

It is well known that corticosteroids (CS) as antagonists for inflammation are used
to treat severe COVID-19. It has been proven that corticosteroid therapy is the only
treatment that significantly inhibits the inflammatory response and reduces mortality in
COVID-19. Therefore, it has been recommended to treat critically ill patients with dexam-
ethasone [62,63]. Martinez-Guerra et al. evaluated the effect of corticosteroid treatment on
mortality of COVID-19 patients. They observed that in-hospital mortality was significantly
lower in patients treated with dexamethasone in comparison to patients who did not receive
corticosteroids. Moreover, the time to invasive mechanical ventilation initiation was longer
in patients treated with CS [64]. This effectiveness of CS is probably associated with the in-
hibition of cytokine storm caused by SARS-CoV-2 infection. Knowing that SARS-CoV-2 can
damage e.g., respiratory airways, including the trachea, by increased expression of CXCL10
hub gene, Zou et al. tried to evaluate the effect of CS on CXCL10. They observed that
dexamethasone has a specific therapeutic effect on COVID-19 by regulating the CXCL10
and CXCR3 axis. The inhibition of the CXCL10/CXCR3 pathway reduces inflammation
and cytokine storm in response to COVID-19. Summarizing, the overexpression of CXCL10
may be the main cause of chronic inflammation and tissue damage, but it can be effectively
regulated with corticosteroids [65].
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3.2.4. Other

Knowing that actually used drug therapies are often ineffective and sometimes associ-
ated with unwanted side effects, researchers have tried to provide new information about
the available potential therapeutic options against SARS-CoV-2. Therefore, the effectiveness
of phosphodiesterase 4 (PDE4) inhibitors e.g., Tanimilast, has been evaluated. Nquyen et al.
observed that PDE4 inhibitors effectively modulate SARS-CoV-2-induced inflammation
and Th1-polarizing potential of dendritic cells. Going forward, it has been revealed that
Th1-attracting CXCL10 or CXCL9 concentrations were reduced by Tanimilast. Knowing
that CXCL10, on which this review focuses on, is one of the most important factors that
amplify the immune response through the requirement of Th1 cells, thus, it was suggested
that PDE4 inhibitors are a promising therapeutic option for COVID-19 [66]. Similar to
the above-described drugs, Pelargonium sidoides DC. Root Extract EPs 7630 has an ability
to reduce virus-induced immune response in human lung cells. The study showed that
CXCL10 and other pro-inflammatory cytokines (e.g., CXCL9, IL-8, IL-13, TNF-α) were
reduced as the result of EPs 7630 [67].

Different treatments affect patients’ bodies in different ways, but in case of COVID-19,
the aim of the treatment is modulation of inflammatory response and reduction of viral
load. Taking into account above-described results, CXCL10 modulation seems to be a
promising effective therapeutic target in SARS-CoV-2 infection.

The summary of CXCL10 and other proinflammatory factors is presented in Table 1.

Table 1. The significance of CXCL10 and other cytokines in SARS-CoV-2 infection.

CXCL10 Level Other Cytokines References

↑ in patients with ARDS ↑ CXCL1, CXCL2, CCL5 [24]

↑ in patients requiring mechanical ventilation [24]

↑ at time of hospital admission ↑ Eotaxin, G-CSF, Gro-α, CCL5, IL-2Rα, MCP-,
SCGF-b [22,28,30]

↓ after improvement of patient’s condition [22]

↑ in severe course od COVID-19 [26,27,33]

↑ asymptomatic and symptomatic patients ↑ IL-6, TNF-α [32]

Higher in symptomatic patients in comparison to
asymptomatic [32]

Higher in asymptomatic and symptomatic patients in
comparison to healthy controls ↑ IL-1β, IL-6, TNF-α

↑ synthesis in males [34]

↑ level is associated with systemic inflammation and
poor prognosis ↑ IL-6 [33,37,38]

Negatively correlates with L-isoleucine [39]

↑ in CNS infection ↑ CCL2, CCL5, CCL19, CXCL9 [42]

↓ after treatment with TCMs ↓ CCL2, TNF-α, IL-6 [47–49]

↓ after treatment with phosphodiesterase 4 inhibitors [50]

Associated with TLR7 in severe course of COVID-19 [53,55]

4. Conclusions

The impaired immune response plays an important role in the development and
progression of SARS-CoV-2. It has been proven that CXCL10 is associated with inflam-
matory diseases, including COVID-19. As a result of inflammation, CXCL10 activates its
receptor, CXCR3, which is mainly expressed on macrophages, T lymphocytes, dendritic
cells, natural killer cells, and B cells. The upregulated activation of leukocytes leads to sys-
temic inflammation, inducing, e.g., tissue damage. In this review paper, we focused on the
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changes in concentration and role of CXCL10 in COVID-19. Analyzed in this review, studies
demonstrated that SARS-CoV-2 infection is associated with increased concentrations of
CXCL10. CXCL10 levels differ also according to the severity of the disease and they is the
highest in critically ill patients with COVID-19. Moreover, besides ARDS, inflammation of
the nervous system is linked to increased synthesis of CXCL10. These findings indicated
that a high level of CXCL10 as a result of SARS-CoV-2 infection should be considered as
having a potentially high risk of complications or severe course of COVID-19. In addition,
knowing that infection of SARS-CoV-2 induces “cytokine storm”, it has been suggested that
the therapy of COVID-19 should focus on silencing the excessive inflammatory reaction.
Modulation of CXCL10 activity seems to be a promising and effective therapeutic target
of COVID-19. Therefore, more studies are needed to confirm the clinical, prognostic, and
therapeutic role of CXCL10 in SARS-CoV-2 infection.
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11. Ławicki, S.; Zajkowska, M.; Głażewska, E.K.; Będkowska, G.E.; Szmitkowski, M. Plasma Levels and Diagnostic Utility of M-CSF,
MMP-2 and its Inhibitor TIMP-2 in the Diagnostics of Breast Cancer Patients. Clin. Lab. 2016, 62, 1661–1669. [CrossRef] [PubMed]

12. Dong, C. Cytokine Regulation and Function in T Cells. Annu. Rev. Immunol. 2021, 39, 51–76. [CrossRef] [PubMed]
13. Bukowski, R.M.; Olencki, T.; McLain, D.; Finke, J.H. Pleiotropic effects of cytokines: Clinical and preclinical studies. Stem Cells

1994, 12 (Suppl. 1), 129–141. [PubMed]

http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://doi.org/10.3390/ijerph18189785
http://www.ncbi.nlm.nih.gov/pubmed/34574709
http://doi.org/10.1093/ofid/ofab090
http://www.ncbi.nlm.nih.gov/pubmed/33796601
http://doi.org/10.3390/jcm9061753
http://www.ncbi.nlm.nih.gov/pubmed/32516940
http://doi.org/10.1038/s41598-021-82850-9
http://www.ncbi.nlm.nih.gov/pubmed/33637820
http://doi.org/10.1016/j.rmed.2020.105996
http://doi.org/10.23736/S0026-4806.21.07134-2
http://doi.org/10.1016/j.ajem.2020.04.048
http://doi.org/10.1515/revneuro-2020-0116
http://doi.org/10.1177/1073274818789357
http://doi.org/10.7754/Clin.Lab.2016.160118
http://www.ncbi.nlm.nih.gov/pubmed/28164586
http://doi.org/10.1146/annurev-immunol-061020-053702
http://www.ncbi.nlm.nih.gov/pubmed/33428453
http://www.ncbi.nlm.nih.gov/pubmed/7696957


Int. J. Mol. Sci. 2022, 23, 3673 11 of 13

14. Tang, Y.; Liu, J.; Zhang, D.; Xu, Z.; Ji, J.; Wen, C. Cytokine Storm in COVID-19: The Current Evidence and Treatment Strategies.
Front. Immunol. 2020, 11, 1708. [CrossRef]

15. Bhusal, R.P.; Foster, S.R.; Stone, M.J. Structural basis of chemokine and receptor interactions: Key regulators of leukocyte
recruitment in inflammatory responses. Protein Sci. 2020, 29, 420–432. [CrossRef]

16. Fanning, S.L.; Korngold, R.; Yang, Z.; Goldgirsh, K.; Park, S.; Zenreich, J.; Baker, M.; McKiernan, P.; Tan, M.; Zhang, B.;
et al. Elevated cytokines and chemokines in peripheral blood of patients with SARS-CoV-2 pneumonia treated with high-titer
convalescent plasma. PLoS Pathog. 2021, 17, e1010025. [CrossRef]

17. Liang, Y.; Li, H.; Li, J.; Yang, Z.N.; Li, J.L.; Zheng, H.W.; Chen, Y.L.; Shi, H.J.; Guo, L.; Liu, L.D. Role of neutrophil chemoattractant
CXCL5 in SARS-CoV-2 infection-induced lung inflammatory innate immune response in an in vivo hACE2 transfection mouse
model. Zool. Res. 2020, 41, 621–631. [CrossRef]

18. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

19. Hasan, M.Z.; Islam, S.; Matsumoto, K.; Kawai, T. SARS-CoV-2 infection initiates interleukin-17-enriched transcriptional response
in different cells from multiple organs. Sci. Rep. 2021, 11, 16814. [CrossRef]

20. Callahan, V.; Hawks, S.; Crawford, M.A.; Lehman, C.W.; Morrison, H.A.; Ivester, H.M.; Akhrymuk, I.; Boghdeh, N.; Flor,
R.; Finkielstein, C.V.; et al. The Pro-Inflammatory Chemokines CXCL9, CXCL10 and CXCL11 Are Upregulated Following
SARS-CoV-2 Infection in an AKT-Dependent Manner. Viruses 2021, 13, 1062. [CrossRef]

21. Lorè, N.I.; De Lorenzo, R.; Rancoita, P.M.V.; Cugnata, F.; Agresti, A.; Benedetti, F.; Bianchi, M.E.; Bonini, C.; Capobianco, A.; Conte,
C.; et al. CXCL10 levels at hospital admission predict COVID-19 outcome: Hierarchical assessment of 53 putative inflammatory
biomarkers in an observational study. Mol. Med. 2021, 27, 129. [CrossRef] [PubMed]

22. Ravindran, R.; McReynolds, C.; Yang, J.; Hammock, B.D.; Ikram, A.; Ali, A.; Bashir, A.; Zohra, T.; Chang, W.; Hartigan-O’Connor,
D.J.; et al. Immune response dynamics in COVID-19 patients to SARS-CoV-2 and other human coronaviruses. PLoS ONE 2021, 16,
e0254367. [CrossRef] [PubMed]

23. Gadotti, A.C.; de Castro Deus, M.; Telles, J.P.; Wind, R.; Goes, M.; Garcia Charello Ossoski, R.; de Padua, A.M.; de Noronha, L.;
Moreno-Amaral, A.; Baena, C.P.; et al. IFN-γ is an independent risk factor associated with mortality in patients with moderate
and severe COVID-19 infection. Virus Res. 2020, 289, 198171. [CrossRef] [PubMed]

24. Vazirinejad, R.; Ahmadi, Z.; Kazemi Arababadi, M.; Hassanshahi, G.; Kennedy, D. The biological functions, structure and sources
of CXCL10 and its outstanding part in the pathophysiology of multiple sclerosis. Neuroimmunomodulation 2014, 21, 322–330.
[CrossRef]

25. Tokunaga, R.; Zhang, W.; Naseem, M.; Puccini, A.; Berger, M.D.; Soni, S.; McSkane, M.; Baba, H.; Lenz, H.J. CXCL9, CXCL10,
CXCL11/CXCR3 axis for immune activation—A target for novel cancer therapy. Cancer Treat. Rev. 2018, 63, 40–47. [CrossRef]
[PubMed]

26. Lee, E.Y.; Lee, Z.H.; Song, Y.W. CXCL10 and autoimmune diseases. Autoimmun. Rev. 2009, 8, 379–383. [CrossRef]
27. Kuo, P.T.; Zeng, Z.; Salim, N.; Mattarollo, S.; Wells, J.W.; Leggatt, G.R. The Role of CXCR3 and Its Chemokine Ligands in Skin

Disease and Cancer. Front. Med. 2018, 5, 271. [CrossRef]
28. Liu, C.; Luo, D.; Reynolds, B.A.; Meher, G.; Katritzky, A.R.; Lu, B.; Gerard, C.J.; Bhadha, C.P.; Harrison, J.K. Chemokine receptor

CXCR3 promotes growth of glioma. Carcinogenesis 2011, 32, 129–137. [CrossRef]
29. Peperzak, V.; Veraar, E.A.; Xiao, Y.; Babala, N.; Thiadens, K.; Brugmans, M.; Borst, J. CD8+ T cells produce the chemokine CXCL10

in response to CD27/CD70 costimulation to promote generation of the CD8+ effector T cell pool. J. Immunol. 2013, 191, 3025–3036.
[CrossRef]

30. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

31. Blot, M.; Jacquier, M.; Aho Glele, L.S.; Beltramo, G.; Nguyen, M.; Bonniaud, P.; Prin, S.; Andreu, P.; Bouhemad, B.; Bour, J.B.;
et al. CXCL10 could drive longer duration of mechanical ventilation during COVID-19 ARDS. Crit. Care 2020, 24, 632. [CrossRef]
[PubMed]

32. Kumar, B.V.; Connors, T.J.; Farber, D.L. Human T Cell Development, Localization, and Function throughout Life. Immunity 2018,
48, 202–213. [CrossRef] [PubMed]

33. Wang, J.; Xu, Y.; Zhang, X.; Wang, S.; Peng, Z.; Guo, J.; Jiang, H.; Liu, J.; Xie, Y.; Wang, J.; et al. Leptin correlates with monocytes
activation and severe condition in COVID-19 patients. J. Leukoc. Biol. 2021, 110, 9–20. [CrossRef] [PubMed]

34. Kwon, J.S.; Kim, J.Y.; Kim, M.C.; Park, S.Y.; Kim, B.N.; Bae, S.; Cha, H.H.; Jung, J.; Kim, M.J.; Lee, M.J.; et al. Factors of Severity in
Patients with COVID-19: Cytokine/Chemokine Concentrations, Viral Load, and Antibody Responses. Am. J. Trop. Med. Hyg.
2020, 103, 2412–2418. [CrossRef] [PubMed]

35. Tripathy, A.S.; Vishwakarma, S.; Trimbake, D.; Gurav, Y.K.; Potdar, V.A.; Mokashi, N.D.; Patsute, S.D.; Kaushal, H.; Choudhary,
M.L.; Tilekar, B.N.; et al. Pro-inflammatory CXCL-10, TNF-α, IL-1β, and IL-6: Biomarkers of SARS-CoV-2 infection. Arch. Virol.
2021, 166, 3301–3310. [CrossRef]

36. Kesmez Can, F.; Özkurt, Z.; Öztürk, N.; Sezen, S. Effect of IL-6, IL-8/CXCL8, IP-10/CXCL 10 levels on the severity in COVID 19
infection. Int. J. Clin. Pract. 2021, 75, e14970. [CrossRef]

http://doi.org/10.3389/fimmu.2020.01708
http://doi.org/10.1002/pro.3744
http://doi.org/10.1371/journal.ppat.1010025
http://doi.org/10.24272/j.issn.2095-8137.2020.118
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1038/s41598-021-96110-3
http://doi.org/10.3390/v13061062
http://doi.org/10.1186/s10020-021-00390-4
http://www.ncbi.nlm.nih.gov/pubmed/34663207
http://doi.org/10.1371/journal.pone.0254367
http://www.ncbi.nlm.nih.gov/pubmed/34242356
http://doi.org/10.1016/j.virusres.2020.198171
http://www.ncbi.nlm.nih.gov/pubmed/32979474
http://doi.org/10.1159/000357780
http://doi.org/10.1016/j.ctrv.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29207310
http://doi.org/10.1016/j.autrev.2008.12.002
http://doi.org/10.3389/fmed.2018.00271
http://doi.org/10.1093/carcin/bgq224
http://doi.org/10.4049/jimmunol.1202222
http://doi.org/10.1136/bmj.n71
http://doi.org/10.1186/s13054-020-03328-0
http://www.ncbi.nlm.nih.gov/pubmed/33138839
http://doi.org/10.1016/j.immuni.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29466753
http://doi.org/10.1002/JLB.5HI1020-704R
http://www.ncbi.nlm.nih.gov/pubmed/33404078
http://doi.org/10.4269/ajtmh.20-1110
http://www.ncbi.nlm.nih.gov/pubmed/33124544
http://doi.org/10.1007/s00705-021-05247-z
http://doi.org/10.1111/ijcp.14970


Int. J. Mol. Sci. 2022, 23, 3673 12 of 13

37. Maurya, R.; Sebastian, P.; Namdeo, M.; Devender, M.; Gertler, A. COVID-19 Severity in Obesity: Leptin and Inflammatory
Cytokine Interplay in the Link Between High Morbidity and Mortality. Front. Immunol. 2021, 12, 649359. [CrossRef]

38. Kelesidis, T.; Kelesidis, I.; Chou, S.; Mantzoros, C.S. Narrative review: The role of leptin in human physiology: Emerging clinical
applications. Ann. Intern. Med. 2010, 152, 93–100. [CrossRef]

39. Basheer, M.; Saad, E.; Hagai, R.; Assy, N. Clinical Predictors of Mortality and Critical Illness in Patients with COVID-19 Pneumonia.
Metabolites 2021, 11, 679. [CrossRef]

40. Kompaniyets, L.; Goodman, A.B.; Belay, B.; Freedman, D.S.; Sucosky, M.S.; Lange, S.J.; Gundlapalli, A.V.; Boehmer, T.K.; Blanck,
H.M. Body Mass Index and Risk for COVID-19-Related Hospitalization, Intensive Care Unit Admission, Invasive Mechanical
Ventilation, and Death—United States, March-December 2020. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 355–361. [CrossRef]

41. Földi, M.; Farkas, N.; Kiss, S.; Zádori, N.; Váncsa, S.; Szakó, L.; Dembrovszky, F.; Solymár, M.; Bartalis, E.; Szakács, Z.; et al.
Obesity is a risk factor for developing critical condition in COVID-19 patients: A systematic review and meta-analysis. Obes. Rev.
2020, 21, e13095. [CrossRef] [PubMed]

42. Agrawal, S.; Salazar, J.; Tran, T.M.; Agrawal, A. Sex-Related Differences in Innate and Adaptive Immune Responses to SARS-CoV-2.
Front. Immunol. 2021, 12, 739757. [CrossRef] [PubMed]

43. Zhang, F.; Wan, Y.; Zuo, T.; Yeoh, Y.K.; Liu, Q.; Zhang, L.; Zhan, H.; Lu, W.; Xu, W.; Lui, G.; et al. Prolonged Impairment of
Short-Chain Fatty Acid and L-Isoleucine Biosynthesis in Gut Microbiome in Patients With COVID-19. Gastroenterology 2022, 162,
548–561.e4. [CrossRef] [PubMed]

44. Wan, D.; Du, T.; Hong, W.; Chen, L.; Que, H.; Lu, S.; Peng, X. Neurological complications and infection mechanism of SARS-COV-2.
Signal Transduct. Target. Ther. 2021, 6, 406. [CrossRef]

45. Gudowska-Sawczuk, M.; Mroczko, B. The Role of Neuropilin-1 (NRP-1) in SARS-CoV-2 Infection: Review. J. Clin. Med. 2021, 10,
2772. [CrossRef] [PubMed]

46. Olivarria, G.M.; Cheng, Y.; Furman, S.; Pachow, C.; Hohsfield, L.A.; Smith-Geater, C.; Miramontes, R.; Wu, J.; Burns, M.S.;
Tsourmas, K.I.; et al. Microglia do not restrict SARS-CoV-2 replication following infection of the central nervous system of
K18-hACE2 transgenic mice. bioRxiv 2021. [CrossRef]

47. Thepmankorn, P.; Bach, J.; Lasfar, A.; Zhao, X.; Souayah, S.; Chong, Z.Z.; Souayah, N. Cytokine storm induced by SARS-CoV-2
infection: The spectrum of its neurological manifestations. Cytokine 2021, 138, 155404. [CrossRef]

48. Wu, D.; Yang, X.O. TH17 responses in cytokine storm of COVID-19: An emerging target of JAK2 inhibitor Fedratinib. J. Microbiol.
Immunol. Infect. 2020, 53, 368–370. [CrossRef]

49. Winter, P.M.; Dung, N.M.; Loan, H.T.; Kneen, R.; Wills, B.; Thu, L.; House, D.; White, N.J.; Farrar, J.J.; Hart, C.A.; et al.
Proinflammatory cytokines and chemokines in humans with Japanese encephalitis. J. Infect. Dis. 2004, 190, 1618–1626. [CrossRef]

50. Jakhmola, S.; Indari, O.; Chatterjee, S.; Jha, H.C. SARS-CoV-2, an Underestimated Pathogen of the Nervous System. SN Compr.
Clin. Med. 2020, 2, 2137–2146. [CrossRef]

51. Zhao, Q.; Kim, T.; Pang, J.; Sun, W.; Yang, X.; Wang, J.; Song, Y.; Zhang, H.; Sun, H.; Rangan, V.; et al. A novel function of CXCL10
in mediating monocyte production of proinflammatory cytokines. J. Leukoc. Biol. 2017, 102, 1271–1280. [CrossRef] [PubMed]

52. Gudowska-Sawczuk, M.; Kudelski, J.; Mroczko, B. The Role of Chemokine Receptor CXCR3 and Its Ligands in Renal Cell
Carcinoma. Int. J. Mol. Sci. 2020, 21, 8582. [CrossRef] [PubMed]

53. Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761–770. [CrossRef] [PubMed]

54. Lei, J.; Yin, X.; Shang, H.; Jiang, Y. IP-10 is highly involved in HIV infection. Cytokine 2019, 115, 97–103. [CrossRef]
55. Ma, Q.; Pan, W.; Li, R.; Liu, B.; Li, C.; Xie, Y.; Wang, Z.; Zhao, J.; Jiang, H.; Huang, J.; et al. Liu Shen capsule shows antiviral and

anti-inflammatory abilities against novel coronavirus SARS-CoV-2 via suppression of NF-κB signaling pathway. Pharmacol. Res.
2020, 158, 104850. [CrossRef]

56. Xie, P.; Fang, Y.; Shen, Z.; Shao, Y.; Ma, Q.; Yang, Z.; Zhao, J.; Li, H.; Li, R.; Dong, S.; et al. Broad antiviral and anti-inflammatory
activity of Qingwenjiere mixture against SARS-CoV-2 and other human coronavirus infections. Phytomedicine 2021, 93, 153808.
[CrossRef]

57. Runfeng, L.; Yunlong, H.; Jicheng, H.; Weiqi, P.; Qinhai, M.; Yongxia, S.; Chufang, L.; Jin, Z.; Zhenhua, J.; Haiming, J.; et al.
Lianhuaqingwen exerts anti-viral and anti-inflammatory activity against novel coronavirus (SARS-CoV-2). Pharmacol. Res. 2020,
156, 104761. [CrossRef]

58. Takeda, K.; Akira, S. Toll-like receptors. Curr. Protoc. Immunol. 2015, 109, 14.12.1–14.12.10. [CrossRef]
59. Fallerini, C.; Daga, S.; Mantovani, S.; Benetti, E.; Picchiotti, N.; Francisci, D.; Paciosi, F.; Schiaroli, E.; Baldassarri, M.; Fava, F.; et al.

Association of Toll-like receptor 7 variants with life-threatening COVID-19 disease in males: Findings from a nested case-control
study. eLife 2021, 10, e67569. [CrossRef]

60. Kawai, T.; Akira, S. Toll-like receptors and their crosstalk with other innate receptors in infection and immunity. Immunity 2011,
34, 637–650. [CrossRef]

61. Mantovani, S.; Daga, S.; Fallerini, C.; Baldassarri, M.; Benetti, E.; Picchiotti, N.; Fava, F.; Gallì, A.; Zibellini, S.; Bruttini, M.; et al.
Rare variants in Toll-like receptor 7 results in functional impairment and downregulation of cytokine-mediated signaling in
COVID-19 patients. Genes Immun. 2021, 23, 51–56. [CrossRef]

http://doi.org/10.3389/fimmu.2021.649359
http://doi.org/10.7326/0003-4819-152-2-201001190-00008
http://doi.org/10.3390/metabo11100679
http://doi.org/10.15585/mmwr.mm7010e4
http://doi.org/10.1111/obr.13095
http://www.ncbi.nlm.nih.gov/pubmed/32686331
http://doi.org/10.3389/fimmu.2021.739757
http://www.ncbi.nlm.nih.gov/pubmed/34745109
http://doi.org/10.1053/j.gastro.2021.10.013
http://www.ncbi.nlm.nih.gov/pubmed/34687739
http://doi.org/10.1038/s41392-021-00818-7
http://doi.org/10.3390/jcm10132772
http://www.ncbi.nlm.nih.gov/pubmed/34202613
http://doi.org/10.1101/2021.11.15.468761
http://doi.org/10.1016/j.cyto.2020.155404
http://doi.org/10.1016/j.jmii.2020.03.005
http://doi.org/10.1086/423328
http://doi.org/10.1007/s42399-020-00522-7
http://doi.org/10.1189/jlb.5A0717-302
http://www.ncbi.nlm.nih.gov/pubmed/28899907
http://doi.org/10.3390/ijms21228582
http://www.ncbi.nlm.nih.gov/pubmed/33202536
http://doi.org/10.1080/22221751.2020.1747363
http://www.ncbi.nlm.nih.gov/pubmed/32228226
http://doi.org/10.1016/j.cyto.2018.11.018
http://doi.org/10.1016/j.phrs.2020.104850
http://doi.org/10.1016/j.phymed.2021.153808
http://doi.org/10.1016/j.phrs.2020.104761
http://doi.org/10.1002/0471142735.im1412s109
http://doi.org/10.7554/eLife.67569
http://doi.org/10.1016/j.immuni.2011.05.006
http://doi.org/10.1038/s41435-021-00157-1


Int. J. Mol. Sci. 2022, 23, 3673 13 of 13

62. World Health Organization. COVID-19 Clinical Management: Living Guidance, 25 January 2021. Available online: https:
//apps.who.int/iris/handle/10665/338882 (accessed on 25 January 2022). License: CC BY-NC-SA 3.0 IGO.

63. Bhimraj, A.; Morgan, R.L.; Shumaker, A.H.; Lavergne, V.; Baden, L.; Cheng, V.C.-C.; Edwards, K.M.; Gandhi, R.; Muller, W.J.;
O’Horo, J.C.; et al. Infectious Diseases Society of America Guidelines on the Treatment and Management of Patients with
COVID-19. Clin. Infect. Dis. 2020, 2020, ciaa478. [CrossRef] [PubMed]

64. Martinez-Guerra, B.A.; Gonzalez-Lara, M.F.; Roman-Montes, C.M.; Tamez-Torres, K.M.; Dardón-Fierro, F.E.; Rajme-Lopez, S.;
Medrano-Borromeo, C.; Martínez-Valenzuela, A.; Ortiz-Brizuela, E.; Sifuentes-Osornio, J.; et al. Outcomes of patients with severe
and critical COVID-19 treated with dexamethasone: A prospective cohort study. Emerg. Microbes Infect. 2022, 11, 50–59. [CrossRef]
[PubMed]

65. Zou, M.; Su, X.; Wang, L.; Yi, X.; Qiu, Y.; Yin, X.; Zhou, X.; Niu, X.; Wang, L.; Su, M. The Molecular Mechanism of Multiple Organ
Dysfunction and Targeted Intervention of COVID-19 Based on Time-Order Transcriptomic Analysis. Front. Immunol. 2021, 12,
729776. [CrossRef] [PubMed]

66. Nguyen, H.O.; Schioppa, T.; Tiberio, L.; Facchinetti, F.; Villetti, G.; Civelli, M.; Del Prete, A.; Sozio, F.; Gaudenzi, C.; Passari, M.;
et al. The PDE4 Inhibitor Tanimilast Blunts Proinflammatory Dendritic Cell Activation by SARS-CoV-2 ssRNAs. Front. Immunol.
2022, 12, 797390. [CrossRef]
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