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The global pandemic caused by the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has led to an urgent need for effective therapeutic 
options. SARS-CoV-2 is a novel coronavirus responsible for the COVID-19 
pandemic that has resulted in significant morbidity and mortality worldwide. 
The virus is known to enter host cells by binding to the angiotensin-converting 
enzyme 2 (ACE2) receptor, and emerging evidence suggests that heparan sulfate 
proteoglycans (HSPGs) play a crucial role in facilitating this process. HSPGs 
are abundant cell surface proteoglycan present in many tissues, including the 
lung, and have been shown to interact directly with the spike protein of SARS-
CoV-2. This review aims to summarize the current understanding of the role of 
HSPGs in SARS-CoV-2 infection and the potential of developing new therapies 
targeting HSPGs.
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Introduction

COVID-19 is a highly infectious disease caused by SARS-CoV-2, a novel coronavirus 
emerged in Wuhan, China, in late 2019. The virus enters human bodies primarily via the 
respiratory system, leading to a range of symptoms, from mild flu-like symptoms to severe 
acute respiratory syndrome (SARS) and multi-organ failure. The rapid spread of the virus has 
led to a global pandemic, with over 757 million confirmed cases and over 6.8 million deaths 
reported as of February 2023 according to the World Health Organization’s weekly update. 
Despite extensive efforts to develop effective therapies and vaccines, the emergence of new 
viral variants has posed a continued challenge to the public health (1).

The spike protein of SARS-CoV-2 binds to ACE2 receptor that mediates viral entry via 
either the endocytosis or the plasma membrane fusion routes. The spike protein is a type 
I membrane protein consisting of two proteolytically cleaved fragments, S1 and S2, which are 
the products of the host Furin protease. The entry route is largely influenced by the availability 
of additional cellular proteases on target cells, which cleave the S2 fragment to activate the 
fusion reaction. TMPRSS2 and cathepsin L are the two major proteases involved in spike 
protein activation (2). The interaction of the Spike with ACE2 on the cell surface can 
be influenced by the cell surface heparan sulfate proteoglycan (HSPG), which serves as a 
coreceptor to facilitate viral entry (3). Additionally, HSPG appears to modulate the 
oligomerization state of ACE2 to promote Spike induced membrane fusion (4).
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Following ACE2 binding, TMPRSS2-mediated cleavage of the S2 
fragment occurs on the plasma membrane, exposing the fusogenic 
peptide in the spike protein to drive the fusion of the viral membrane 
with the host plasma membrane resulting release of the viral genome 
to the cytoplasm (5). Alternatively, Cathepsin L cleaves the S2 subunit 
within the late endosome and lysosome, following viral entry via 
ACE2-mediated endocytosis, lysosome membrane fusion, and 
subsequent release of the viral RNA into the cytoplasm (2, 5, 6). Furin, 
a host cell protease, plays a pivotal role in the activation of the SARS-
CoV-2 spike (S) protein by cleaving it at the S1/S2 site mainly in the 
Golgi. This proteolytic cleavage is critical for the S protein to undergo 
the necessary conformational changes for viral entry into host cells 
(7). Since Furin was also detected in human serum and a prognostic 
role of serum Furin was suggested (8), extracellular Furin might 
contribute to Spike processing, and therefore, the cell entry of SARS-
CoV2. Additionally, Furin was found to constantly recycle between 
the cell surface and endosomes with a small fraction detected on the 
cell surface (9), the cell surface-localized Furin was suggested to 
facilitate viral entry by cleaving the full-length Spike proteins that 
escape S1/S2 cleavage during viral biogenesis (10). The precise 
function of extracellular Furin in SARS-CoV-2 entry and whether 
HSPG regulates this process remains to be elucidated.

Because the entry of SARS-CoV-2 is primarily mediated by the 
binding of the spike protein to ACE2, agents inhibiting ACE2-spike 
protein binding either directly or indirectly (such as targeting cell 
surface HSPG) can block viral entry. Several monoclonal Spike 
antibodies that inhibit the spike-ACE2 interactions showed very good 
therapeutic efficacy and had been approved for treatment of SARS-
CoV-2 infection (11). However, due to the rapid evolving of SARS-
CoV-2 variants, all these approved monoclonal antibodies lost efficacy 
to new SARS-CoV-2 variants. Because the host factors are much less 
affected by viral mutations, small molecule inhibitors that directly 
target HSPGs have potential for the next generation of drugs against 
SARS-CoV-2 infection.

Evolving of SARS-CoV-2 variants

There have been five major variants of concern (VOC) that have 
been extensively studied (12–16). These include the Alpha variant 
(B.1.1.7), Beta variant (B.1.351), Gamma variant (P.1), Delta variant 
(B.1.617.2), and Omicron variant (B.1.1.529). Each variant has specific 
characteristics that affect viral transmissibility, virulence, and immune 
evasion (Figure 1).

The Alpha variant, first identified in the United  Kingdom in 
December 2020, has mutations in the spike protein (N501Y, D614G 
and P681H) which increased spike protein stability and furin cleavage, 
leading to increased affinity to human cells (17–19). This heightened 
contagiousness led to its rapid global spread. The Beta variant, 
discovered in South Africa in December 2020, carries mutations that 
may help it evade certain immune responses while spreading more 
rapidly. In addition to having the N501Y and D614G mutation it also 
carries aK417N mutations which further enhances the binding 
between spike and ACE2, whereas the E484K mutation is associated 
with increased resistance to neutralizing antibodies (17, 18, 20, 21). 
The Gamma variant, detected in Brazil in January 2021, has some of 
the same mutations as those in the Alpha and Beta spike proteins, 
which allow it to attach more easily to human cells and also evade 

immunity more effectively (22–26). The Delta variant, which emerged 
in India in December 2020, was the dominant strain in many countries 
before the emergence of the Omicron variant. Vaccines appear to 
be  less effective against the Delta variant than the Alpha strain, 
although they are still effective at preventing hospitalization after two 
doses, likely due to the L452R mutation in the RBD which lowers 
antibody affinity for the spike protein (27). The Omicron variant was 
first identified in South Africa in November 2021, and is characterized 
by numerous mutations in the spike protein. These mutations 
contribute to increased transmissibility and immune evasion, making 
it the dominant strain worldwide. Compared to the original SARS-
CoV-2 virus and the Delta variant, the Omicron variant spreads more 
easily, but appears to cause milder symptoms, likely due to its 
preference for entering cells via the endocytosis pathway (28). The 
variant possesses six unique mutations on the S2 protein (Q498R, 
N764K, D796Y, N856K, Q954H, N969K, and L981F) that have not 
been identified in previous VOC. Although it replicates faster in 
primary cultures of human nasal epithelial cells, it amplifies at a lower 
replication rate in lung and gut cell lines, likely due to further increases 
in ACE2 affinity caused by the dual Q498R + N501Y mutation (29). 
These findings suggest that Omicron tends to infect the upper 
respiratory tract may contribute to its improved prognosis 
Furthermore, compared to the Delta variant, the Omicron strain has 
reduced ability to cause syncytium formation and shows suboptimal 
S1/S2 cleavage, potentially limiting its virulence (30, 31).

Although the different SARS-CoV-2 variants differ in 
transmissibility and resistance to existing immunity, the clinical 
symptoms of SARS-CoV-2 infection are generally similar across all 
major variants, which include fever, dry cough, fatigue, shortness of 
breath, muscle aches, headache, loss of taste or smell, sore throat, 
congestion, nausea, vomiting, and diarrhea. However, the severity of 
the symptoms can vary significantly, with some infected individuals 
being asymptomatic. The Alpha, Delta, and Omicron variants are 
more transmissible than the original strain, potentially causing 
different patterns of disease spread. The Beta and Gamma variants 
show greater potential for immune evasion, which may reduce the 
effectiveness of some vaccines or natural immunity from previous 
infections. Due to the propensity of the virus to rapidly mutate and 
acquire these types of mutation it is important that nonviral targets 
are investigated for their potential to block viral infection 
or replication.

HSPG facilitates SARS-CoV-2 infection

Heparan sulfate proteoglycans (HSPGs) are complex 
macromolecules commonly found on cell surfaces and within the 
extracellular matrix (ECM). They consist of a core protein to which 
long chains of heparan sulfate (HS), a linear polysaccharide, are 
covalently attached. These chains comprise repeating disaccharide 
units composed of either glucuronic acid or iduronic acid linked to 
N-acetylglucosamine. Due to the heavy sulfation pattern, HS is the 
most negatively charged biopolymer in nature. This feature allows 
HSPGs to interact with diverse biomolecules in the ECM or on the cell 
surface in various biological processes, fulfilling numerous essential 
roles. In the ECM, HSPGs provide mechanical stability and structural 
integrity by interacting with other components such as fibronectin, 
laminin, and collagen. They also serve as adhesion sites for cells, 
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facilitating cell migration and adhesion while enabling cell signaling 
and communication through interactions with cell surface receptors 
like integrins or secreted signaling molecules. Extracellular HSPGs are 
also crucial for the formation and maintenance of basement 
membranes and other cellular barriers, regulating the selective passage 
of molecules and cells between different tissue compartments, whereas 
the cell surface HSPGs are involved in regulating the activities of 
growth factors, cytokines, and chemokines by acting as co-receptors, 
reservoirs, or modulators.

In addition to their physiological roles, HSPGs have been 
implicated in the pathogenesis of various diseases, including cancer 
(32), inflammation, and infectious diseases. Altered expression and 
function of HSPGs have been observed in various cancers, which is 
thought to regulate tumor growth, angiogenesis, invasion, and 
metastasis. In inflammatory diseases, HSPGs participate in processes 
by facilitating the recruitment of immune cells to the site of 
inflammation and cell adhesion and migration. Additionally, HSPGs 
can regulate immune response directly (33).

In infectious diseases, HSPGs can often serve as a recruiting factor 
to facilitate viral attachment to the cell surface. Indeed, recent studies 
suggested that the interaction between the Spike protein and ACE2 
alone is not sufficient for efficient entry of SARS-CoV-2. Instead, the 
virus appears to use HSPGs as a co-receptor (3, 34–36), which uses 
the HS polysaccharide chains to interact with the spike protein 
primarily through the receptor-binding domain (RBD). This 
interaction has been shown to be essential for viral attachment and 

entry, particularly in cells that express low levels of ACE2 (35, 37, 38) 
(Figure 2).

In addition to enhancing viral attachment to cells, HSPGs may 
also regulate the conformational change of the spike during viral 
entry. The spike protein contains 22 N-linked glycans per protomer, 
which form a glycan shield around much of the protein and help to 
mask antigenic sites for immune evasion (39). These glycans may also 
help to drive a conformational change in favor of an open state in the 
spike protein, a process that may involve HSPGs. Multiple studies have 
shown that the predicted HS binding site on RBD overlaps significantly 
with the RBD binding site for N-glycan at N165, which suggests that 
HSPGs may stabilize RBD in the open conformation (39–43).

Interestingly, HSPG has been shown to form a ternary complex 
with ACE2 and spike, promoting SARS-CoV-2 endocytosis (3, 35, 44). 
Accordingly, drugs that bind to HS and HS mimetic compounds have 
been found to inhibit endocytosis-mediated entry of SARS-CoV-2 (3, 
41, 43, 45–47). Additionally, for SARS-CoV-2 variants that enter cells 
via the cell surface, a recent study reveals an unexpected function of 
HS in regulating infection-associated cell–cell fusion, a process 
generating large multi-nuclear syncytia in association with severe 
COVID-19 cases. Specifically, HS promotes the clustering of ACE2 on 
the cell surface, which concentrates the spike protein on neighboring 
cells to maintain their fusogenic activity. The SARS-CoV-2 fusogenic 
activity may link to the transmissibility and symptom severity of 
variants. A HS-binding small molecule was shown to inhibit ACE2 
clustering and thus the formation of fusion pore (4). These findings 

FIGURE 1

Significant mutations that are present in variants of concern. The SARS-CoV-2 protein is made up of two subunits (S1 and S2) which are further 
subdivided into the NTD, RBD, FP, HR1, HR2 and TMD domains. Significant mutations are listed by their relative location within the protein along with 
the corresponding affect to the right.
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suggest that targeting HSPGs may be  a promising therapeutic 
approach for the treatment of COVID-19.

Involvement of HS in viral entry into 
host cells in other viruses

In addition to their role in SARS-CoV-2 viral infection, HSPGs 
are also involved in other viral infections. For human 
immunodeficiency virus (HIV), the virus infects host cells by binding 
to CD4 and a chemokine receptor. HSPGs interact with HIV envelope 
glycoprotein gp120 through its heparan sulfate chain. This electrostatic 
interaction helps to concentrate the virus on the cell surface and thus 
enhances its affinity to CD4 and the co-receptor CCR5 and CXCR4 
(48). Accordingly, soluble heparin or heparan sulfate can competitively 
inhibit viral binding to the cell surface (49).

In the case of herpes simplex virus (HSV), the viral 
glycoproteins, particularly gB and gC, can also interact with HS 
chains on the host cell surface, which likewise facilitates the 
subsequent binding of the virus to its specific entry receptors, such 
as nectin-1 or herpesvirus entry mediator (HVEM), and viral entry 
via membrane fusion (50).

Human papillomavirus (HPV) is a non-enveloped virus with a 
capsid composed of two structural proteins L1 and L2. The virus takes 
advantage of the interaction between the viral capsid protein L1 and 
HSPGs, which promotes a series of conformational changes in the 
viral particle. This process leads to the subsequent binding of the viral 
particle to specific entry receptors and internalization via endocytosis 
(51). A high-resolution crystal structure of the HPV16 L1 pentamer 
showed that the binding site for heparan sulfate is located on the 
surface of the L1 protein. This binding site consists of a highly 

conserved, positively charged region that interacts with the negatively 
charged HS chains of HSPGs (52).

Dengue virus (DENV), a member of the Flavivirus genus, is 
responsible for causing dengue fever, a significant public health 
concern in tropical and subtropical regions. Like other viruses, DENV 
relies on host cell surface molecules to facilitate entry and initiate 
infection. The interaction between DENV and HSPGs occurs via the 
viral envelope (E) protein, which again binds to negatively charged HS 
chains on HSPGs. Pretreatment of cells with heparinase, an enzyme 
that cleaves HS chains from HSPGs, significantly reduced DENV 
infectivity (28). After the initial attachment to HSPGs, DENV 
undergoes receptor-mediated endocytosis, which is triggered by the 
interaction between the virus and additional cellular receptors (53).

Zika virus (ZIKV), is also a member of the Flavivirus genus, and 
is closely related to dengue virus (DENV). Zika viral infection is 
associated with severe neurological complications, such as 
microcephaly in newborns and Guillain-Barré syndrome in adults. 
Like in the dengue infection, HSPGs have been implicated in the 
attachment and entry of ZIKV into host cells, which is competitively 
inhibited by heparin, a soluble HS mimic (54). Overall, HSPGs act as 
co-factors for the infection of a diverse array of RNA and DNA viruses 
and thus present an enticing target for pan-active antiviral discovery.

Therapeutic development for 
SARS-CoV-2

Pharmaceutical companies and researchers worldwide have been 
working relentlessly to develop effective antiviral therapeutics to treat 
and prevent COVID-19. While several antiviral drugs have approvals 
from the US Food and Drug Administration (FDA), it is crucial to 

FIGURE 2

Mechanism of HSPG co-factor in SARS-CoV-2 infection. HSPG initially causes accumulation of SARS-CoV-2 at the cell surface due to binding of SARS-
COV-2 spike and HSPG. HSPG binding triggers a conformational change that leads to the “open” confirmation necessary for spike-ACE2 binding. 
Spike-ACE2 binding will either lead to cellular entry through endocytosis or cleavage of spike at the cell surface by TMRPSS2 which leads to cellular 
entry through direct membrane fusion.
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continue improving existing treatments and develop novel therapies 
to combat the ever-evolving virus. Here we summarize some recent 
developments (Table 1).

Replication inhibitors

Remdesivir, a broad-spectrum antiviral drug initially developed 
for Ebola, was the first drug to receive FDA approval for the treatment 
of COVID-19. It works by inhibiting the viral RNA-dependent RNA 
polymerase, thus disrupting viral replication. However, its clinical 
application is limited due to poor efficacy, particularly in patients with 
severe disease (55). Molnupiravir, a drug developed by Merck and 
Ridgeback biotherapeutics, is an oral antiviral drug that also inhibits 
the viral RNA polymerase. It introduces errors into the viral RNA 
genome during replication, eventually leading to the collapse of the 
viral population. It reduces the risk of hospitalization and death of 
high-risk patients with mild to moderate symptoms. However, its 
safety and efficacy in pregnant women and immunocompromised 
patients are unclear that raised safety concerns (56). Paxlovid, 
developed by Pfizer, is an oral antiviral drug that has also received 
Emergency Use Authorization (EUA) from the FDA for the treatment 
of mild to moderate COVID-19 in high-risk patients. The medication 
consists of a combination of nirmatrelvir, a SARS-CoV-2 protease 
inhibitor with a short half-life in vivo, and ritonavir, a drug that 
increases the plasma concentration of nirmatrelvir by slowing its 
metabolism. Paxlovid prevents the virus from replicating by inhibiting 
the activity of the viral 3CL protease. Clinical trials have demonstrated 
that early administration of Paxlovid significantly reduces the risk of 
hospitalization and death in COVID-19 patients. However, Paxlovid 
has severe drug–drug interaction side effects due to potent inhibition 
of cytochrome P4503A4 (CYP3A4) by ritonavir, making it unsuitable 
for patients with underlying diseases (57–59).

Antibody therapy

With the urgent need for effective treatments at the early phase of 
pandemic, antibody therapy has gained tremendous attention due to 

its safety profile and the potential for neutralizing the virus and 
modulating the immune response. Antibody therapy can be achieved 
by using either convalescent plasma, monoclonal antibodies (mAbs), 
or engineered antibodies such as nanobodies. Convalescent plasma 
therapy involves the transfusion of plasma from recovered COVID-19 
patients to individuals with active infection. This plasma contains 
neutralizing antibodies against SARS-CoV-2, which can potentially 
block viral entry and eliminate the virus. While initial studies showed 
some hope, convalescent plasma therapy has only demonstrated 
limited success due to variable efficacy and safety concerns due to the 
risk of transfusion-related complications. Monoclonal antibodies 
(mAbs) are laboratory-produced molecules engineered to target 
specific viral proteins. Several mAbs targeting the SARS-CoV-2 spike 
protein, such as bamlanivimab, etesevimab, casirivimab, and 
imdevimab, have received EUA from the FDA for the treatment of 
mild to moderate COVID-19. Clinical trials have demonstrated 
reduced viral load and decreased hospitalization rates in treated 
patients, making mAbs the primary therapeutic tool in COVID-19 
therapy during the early phase of the pandemic.

However, the application of antibodies faces several limitations 
and challenges. The emergence of SARS-CoV-2 variants with 
mutations in the spike protein has reduced the efficacy of antibody 
therapy, and some mAbs no longer effectively neutralized novel 
variants and have had their approval withdrawn. Additionally, 
monoclonal antibody therapy requires intravenous administration, 
which limits its accessibility. Moreover, the high cost and limited 
availability of mAbs can further hinder the access to this treatment, 
particularly in low-income countries (60–64).

Vaccines

The COVID-19 vaccine development efforts have employed 
various vaccine platforms, including mRNA, viral vector, protein 
subunit, and inactivated or attenuated virus. The Pfizer-BioNTech and 
Moderna vaccines are mRNA-based, while the AstraZeneca, Johnson 
& Johnson, and Sputnik V vaccines use viral vector platforms. Sinovac, 
Sinopharm, and Bharat Biotech have developed inactivated virus 
vaccines. Protein subunit vaccines, such as the one developed by 

TABLE 1 Pros, and cons of the current therapeutics developed for SARS-CoV-2.

Treatment category Pros Cons Clinical trial information

Replication Inhibitors Directly target viral replication mechanisms, 

potentially reducing viral load.

Can be effective early in infection.

Risk of developing viral resistance.

May have limited efficacy if used late in the 

disease course.

Numerous trials for agents like Remdesivir 

(NCT04280705) and Molnupiravir.

Antibodies Provide immediate immunity.

Specific against SARS-CoV-2 spike protein, 

blocking virus entry into cells.

High cost and accessibility issues.

May be less effective against new variants if 

they evade existing antibody specificity.

Trials for monoclonal antibodies such as 

Bamlanivimab and Etesevimab 

(NCT04427501).

Vaccines Induce long-term immunity.

Reduce severity of disease and transmission 

rates.

Time required to develop, test, and 

distribute.

Variants may reduce vaccine efficacy.

Pfizer-BioNTech (NCT04368728), Moderna 

(NCT04470427), and AstraZeneca 

(NCT04516746) vaccines.

Immune Modulators Target the host’s immune response to reduce 

severity of symptoms.

Can be used in severe cases to prevent or 

treat cytokine storm.

Potential for immunosuppression, 

increasing risk of secondary infections.

Effects can vary widely between individuals.

Trials for corticosteroids like 

dexamethasone (RECOVERY Trial) and 

IL-6 inhibitors.

Pros and Cons of replication inhibitors, antibodies, vaccines, and immune modulators on SARS-CoV-2 infection treatments have been summarized along with clinical trial information.
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Novavax, are now also entering the market. The mRNA vaccines have 
demonstrated high efficacy in clinical trials, with the Pfizer-BioNTech 
vaccine showing 95% efficacy and the Moderna vaccine showing 94% 
efficacy reduced symptomatic cases. The viral vector vaccines have 
also demonstrated high efficacy, with the AstraZeneca vaccine 
showing 76% efficacy after two doses and the Johnson & Johnson 
vaccine showing 72% efficacy in the United States. The inactivated 
virus vaccines have shown lower efficacy, with Sinovac showing 50.4% 
efficacy in a Brazilian trial and Bharat Biotech showing 78% efficacy 
in an Indian trial. One of the critical challenges in the COVID-19 
vaccine rollout was to ensure equitable access to vaccines. High-
income countries have secured a large proportion of the available 
vaccine doses, while low-and middle-income countries have struggled 
to obtain sufficient supplies. Efforts were taken to address this 
disparity through initiatives such as the COVAX program, which aims 
to provide vaccines to low-and middle-income countries (65–68).

The global effort has led to the development and distribution of 
COVID-19 vaccines at a speed unseeable in the human history, 
highlighting the power of scientific collaboration and innovation. The 
rapid rollout of effective COVID-19 vaccines has proven to be  a 
critical factor in the fight against the pandemic, but logistical 
challenges (e.g., continuing emergence of new virus variants), 
particularly for mRNA-based vaccines, remain unresolved.

Other therapeutic options for patients 
with severe symptoms

While most patients experience mild to moderate symptoms, a 
subset of individuals develop severe illness due to strong inflammatory 
responses, which may result in acute respiratory distress syndrome 
(ARDS), multi-organ failure, and death.

Immune modulators targeting specific components of the 
immune system have been used to reduce inflammation and prevent 
severe complications in COVID-19 patients. Two commonly used 
immune modulators for COVID-19 patients are tocilizumab and 
baricitinib. Tocilizumab is a monoclonal antibody that blocks the 
action of interleukin-6 (IL-6), which plays a key role in the body’s 
immune response. Elevated levels of IL-6 have been observed in some 
COVID-19 patients, particularly those with severe disease, and have 
been associated with poor outcomes. By blocking IL-6, tocilizumab 
can reduce inflammation and prevent damage to organs such as the 
lung, liver, and kidney (69). Baricitinib is a Janus kinase (JAK) 
inhibitor that blocks the activity of certain enzymes involved in the 
immune response. It has been shown to reduce inflammation and 
improve clinical outcomes in COVID-19 patients when used in 
combination with remdesivir (28). In addition to its anti-inflammatory 
properties, baricitinib may also have antiviral effects as it may help to 
reduce viral load in infected patients (70).

Corticosteroids have been used for decades to treat a wide range 
of inflammation-associated medical conditions, including 
autoimmune diseases and cancer. In the context of COVID-19, 
corticosteroids have been used to reduce inflammation in the lung and 
prevent the immune system from overreacting to the virus. However, 
the use of corticosteroids in COVID-19 patients has been 
controversial, with some studies suggesting beneficial effect while 
others raising concerns about their potential risks (71). Several 
randomized controlled trials have investigated the use of 

corticosteroids in COVID-19 patients, including the RECOVERY 
trial, which included over 6,000 hospitalized COVID-19 patients 
across the United  Kingdom. The trial found that the use of 
dexamethasone, a commonly used corticosteroid, reduced mortality 
in COVID-19 patients who required supplemental oxygen or 
mechanical ventilation. Similar findings have been reported in other 
trials (72, 73). However, corticosteroids can also have adverse effects, 
particularly when used in high doses or for prolonged periods. These 
side effects can include increased risk of infections, diabetes, and 
psychiatric disturbances (74).

Therapeutic development based on 
the structure of HSPGs in COVID-19 
infection

Given the critical role played by HSPGs in SARS-CoV-2 infection, 
several studies have explored the possibility of targeting the cell 
surface HS as a new therapeutic strategy. Heparin, a widely used 
anticoagulant, has been explored for its potential benefits in treating 
COVID-19 patients. One study found that heparin treatment, 
particularly in patients with severe COVID-19 and coagulopathy, was 
associated with better prognosis and reduced mortality (75). However, 
the efficacy of heparin on patients appear to vary from case to case, 
depend on the disease severity: In noncritical illness, therapeutic dose 
of anticoagulation with heparin increased the probability of survival 
and hospital discharge with reduced cardiovascular or respiratory 
organ support. However, in critical illness situation, heparin treatment 
does not render significant benefits (76, 77). Highly sulfated synthetic 
and semi-synthetic glycosaminoglycans of different structures, known 
as heparan sulfate mimetics (HSMs), have been shown to have 
antiviral effects in in vitro studies by different laboratories (40, 78–80). 
Several heparin-like drugs commonly used to treat other diseases have 
also been found to have anti-SARS-CoV-2 activity. For example, 
Pixatimod, a synthetic HS mimic currently in clinical trials for cancer, 
was found to disrupt the interaction between the spike protein and 
ACE2, thereby inhibit SARS-CoV-2 infection (45). Pentosan 
polysulfate, a semi-synthetic heparin-like glucosaminoglycan used to 
treat interstitial cystitis, exhibits weaker anticoagulant effects but a 
more potent SARS-CoV-2 inhibitory activity than heparin in Vero 
cells in vitro model (81). Mucopolysaccharide polysulfate, a heparinoid 
used clinically for its antithrombotic effect, also has an antiviral 
activities against wild-type and Delta SARS-CoV-2 in an in vitro cell-
based assay, which appears more effective than heparin (82). 
Sulodexide, a mixture of fast-moving heparin and dermatan sulfate, 
used clinically to prevent and treat vascular diseases, were shown to 
improve the clinical outcomes of COVID-19 patients (83).

Marine-derived sulfated glycans, with their structural resemblance 
to heparan sulfate, emerge as viable mimetics capable of thwarting 
viral attachment and subsequent cell entry. Investigations into these 
compounds have illuminated their broad-spectrum antiviral 
capabilities, underscored by studies that suggest their ability to inhibit 
viral entry (80, 84–87). Mechanistic studies further elucidate the 
specific interactions by which these glycans obstruct viral binding to 
HSPGs, providing a foundation for therapeutic optimization (88, 89). 
Critical to the advancement of these compounds are evaluations of 
their safety profiles and pharmacokinetic properties, pivotal for 
ensuring their viability as therapeutic options in clinical trials. 
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Collectively, these studies underscore the potential of marine-based 
sulfated glycans as innovative anti-SARS-CoV-2 therapeutics, 
highlighting the necessity for continued research to fully harness their 
therapeutic promise.

Along a similar direction, we recently discovered a potent HS 
binding drug Mitoxantrone from a drug repurposing screen (3, 4, 47). 
Mitoxantrone was initially discovered as a DNA topoisomerase 
inhibitor and was approved by the FDA to treat acute myeloid 
leukemia in adults, advanced prostate cancer, and certain forms of 
sclerosis (90, 91). In vitro binding studies show that the HS binding 
activity of Mitoxantrone is uncoupled from its DNA topoisomerase 
binding activity. A structure activity relationship study combined with 
NMR analyses have defined the chemical moiety of Mitoxantroen 
involved in HS binding and determined the sulfate pattern on HS 
recognized by Mitoxantrone. Accordingly, a Mitoxantrone derivative 
named Pixantrone was discovered to have similar affinity to HS, but 
its clinical safety profile is significantly improved. Both Mitoxantrone 
and Pixantrone effectively inhibit endocytosis-mediated cell entry of 
SARS-CoV-2 in vitro and also reduce infection associated syncytium 
formation. In a mouse model of SARS-CoV-2 infection, Pixantrone 
shows a modest inhibitory activity against the viral entry 
and replication.

While current studies support the possibility of targeting HSPSs 
for COVID-19 therapy, several obstacles are present for this approach. 
First of all, given the abundant presence of HSPGs on the surface of 
many cell types, it may be difficult to effectively deliver the drug in 
high concentration to the lung or upper respiratory tissues. This lack 
of specificity could also result in unintended effects on other signaling 
pathways or cellular processes, which may cause adverse effects. 
Secondly, the pharmacokinetics and in vivo toxicity of HSPG-targeting 
therapeutics are not fully understood. It is unclear how the drugs are 
distributed in the body, how they are metabolized, and whether or not 
they could cause toxicity. Lastly, the SARS-CoV-2 virus may develop 
resistance to HSPG-targeting therapeutics over time, though the 
chance is much smaller than the direct targeting drugs. As with other 
antiviral drugs, resistance may emerge through the selection of viral 
mutations that allow the virus to escape the drug’s inhibitory effects.

Future perspectives

Most antiviral therapeutics directly target SARS-CoV-2. However, 
developing antiviral drugs that target host cell proteins, such as viral 
receptors, cell entry-associated factors, and human proteases for viral 
protein priming, can also be an effective approach. These drugs have 
a lower likelihood of resistance development, as viral infections 
generally do not cause mutations in host cell proteins. For instance, 
HIV patients resistant to direct viral targeting drugs like nucleoside 
reverse transcriptase inhibitors (NNRTIs) and protease inhibitors 
(PIs) may still be responsive to host-targeting drugs. Approved host-
targeting drugs for HIV include maraviroc (Selzentry, a small 
molecule CCR5 antagonist) and ibalizumab (Trogarzo, an antibody 
that binds to CD4 as a post-attachment inhibitor) (92, 93).

Future drug development for COVID-19 requires innovative 
strategies to discover new drug targets. One approach involves 
developing small molecules that target other essential viral proteins, 
such as nonstructural proteins (nsps), which play crucial roles in viral 
replication and are less prone to mutation, minimizing the potential 

for drug resistance. Another approach is to utilize combination 
therapy, wherein antiviral drugs with different mechanisms of action 
are combined to enhance efficacy. Additionally, there is a need to 
develop broad-spectrum antivirals effective against multiple 
coronaviruses to prepare for future outbreaks and offer a more 
extensive range of treatment options.

Future studies should also focus on developing therapeutics with 
improved specificity in target selection. Antibody-drug conjugates 
(ADCs) may offer a potential solution. ADCs are a class of 
biopharmaceuticals that use monoclonal antibodies to enhance the 
specificity of a conventional small-molecule drug. ADCs have shown 
promising effects in anti-cancer treatment, but their application in 
COVID-19 treatment is still in its early stages (94–96). Conceptually, 
the strategy of conjugating HS-targeting compounds to a spike-
neutralizing antibody may present a future avenue for anti-HS-based 
therapeutic development. By combining the specificity of spike-
neutralizing antibodies with a HS targeting drug, ADCs could 
potentially enhance the potency and specificity of COVID-19 
therapeutics, while minimizing undesired binding to other tissues 
(Figure 3). Another solution is to develop inhalable HS-targeting 
drugs that block HS binding sites on the surface of nasal and upper 
respiratory tract, which can reduce the infection risk with improved 
tissue specificity. Inhalable HS inhibitors may also reduce lung 
inflammation as they can inhibit infection-associated cell–cell fusion 
in the lung. Further research is needed to explore these possible 
approaches, which may lead to clinically effective HS-targeting 
therapies for COVID-19 and other infectious diseases. In conclusion, 
directly targeting HSPG for SARS-CoV-2 is a promising approach 
for future drug development. The host targeting HSPG inhibitors 
may also have efficacy against many other viruses such as HIV, 
herpes simplex virus, Human papillomavirus, Zika virus, and 
Dengue viruses.

The therapeutic management of individuals co-infected with 
SARS-CoV-2 and other viruses, such as those living with HIV, 
necessitates a comprehensive and nuanced approach that considers 
the interactions between the infections and the patient’s underlying 
health conditions. For people living with HIV, it is paramount to 
continue antiretroviral therapy (ART) to maintain viral suppression 
and optimize immune function, alongside adhering to established 
COVID-19 treatment protocols that may include antivirals, 
immunomodulatory agents, and supportive care, all while vigilantly 
monitoring for potential drug–drug interactions (97–100). It is 
possible that targeting heparan sulfate proteoglycans (HSPGs) could 
offer therapeutic benefits for HIV-positive individuals co-infected 
with SARS-CoV-2 given the proposed role of HSPGs in facilitating 
HIV entry into cells (48). However, the effectiveness of HSPG-targeted 
therapies in such co-infected individuals may depend significantly on 
their immune status and the presence of any existing comorbidities. 
Given the complexity of these interactions and the potential for varied 
responses to treatment, there is a pressing need for clinical trials 
specifically designed to evaluate the efficacy of HSPG-targeted 
treatments in populations co-infected with HIV and SARS-CoV-2. 
This approach underscores the importance of a personalized medicine 
strategy that considers each patient’s unique clinical profile. Ultimately, 
advancing our understanding of the most effective therapeutic 
strategies for co-infected individuals will require ongoing research and 
the integration of findings from across the spectrum of virology, 
immunology, and pharmacology.

https://doi.org/10.3389/fmed.2024.1364657
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Zhang et al. 10.3389/fmed.2024.1364657

Frontiers in Medicine 08 frontiersin.org

Author contributions

QZ: Writing – original draft, Writing – review & editing. IP: 
Writing – original draft, Writing – review & editing. YY: Writing – 
original draft, Writing – review & editing. WZ: Funding acquisition, 
Resources, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the intramural program of the National Center for 
Advancing Translational Sciences.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Najar FZ, Linde E, Murphy CL, Borin VA, Wang H, Haider S, et al. Future 

COVID19 surges prediction based on SARS-CoV-2 mutations surveillance. eLife. (2023) 
12:12. doi: 10.7554/eLife.82980

 2. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2  
entry into cells. Nat Rev Mol Cell Biol. (2022) 23:3–20. doi: 10.1038/s41580- 
021-00418-x

 3. Zhang Q, Chen CZ, Swaroop M, Xu M, Wang L, Lee J, et al. Heparan sulfate assists 
SARS-CoV-2 in cell entry and can be targeted by approved drugs in vitro. Cell Discov. 
(2020) 6:80. doi: 10.1038/s41421-020-00222-5

 4. Zhang Q, Tang W, Stancanelli E, Jung E, Syed Z, Pagadala V, et al. Host heparan 
sulfate promotes ACE2 super-cluster assembly and enhances SARS-CoV-2-associated 
syncytium formation. Nat Commun. (2023) 14:5777. doi: 10.1038/s41467-023-41453-w

 5. Meng B, Datir R, Choi J, Bradley JR, Smith KGC, Lee JH, et al. SARS-CoV-2 spike 
N-terminal domain modulates TMPRSS2-dependent viral entry and fusogenicity. Cell 
Rep. (2022) 40:111220. doi: 10.1016/j.celrep.2022.111220

 6. Bayati A, Kumar R, Francis V, McPherson PS. SARS-CoV-2 infects cells after viral 
entry via clathrin-mediated endocytosis. J Biol Chem. (2021) 296:100306. doi: 10.1016/j.
jbc.2021.100306

FIGURE 3

HSPG-ADC conjugates can improve inhibition of HSPG targeting of SARS-CoV-2. There is a large variety of HSPGs at the cell surface making it difficult 
to saturate all HSPGs that may serve as co-factors in viral infection. Conjugation of HSPG binders to antibodies that target viral surface protein or other 
host factors can improve efficacy by targeting HSPG-binders at the site of viral infection.

https://doi.org/10.3389/fmed.2024.1364657
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.7554/eLife.82980
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41421-020-00222-5
https://doi.org/10.1038/s41467-023-41453-w
https://doi.org/10.1016/j.celrep.2022.111220
https://doi.org/10.1016/j.jbc.2021.100306
https://doi.org/10.1016/j.jbc.2021.100306


Zhang et al. 10.3389/fmed.2024.1364657

Frontiers in Medicine 09 frontiersin.org

 7. Peacock TP, Goldhill DH, Zhou J, Baillon L, Frise R, Swann OC, et al. The furin 
cleavage site in the SARS-CoV-2 spike protein is required for transmission in ferrets. 
Nat Microbiol. (2021) 6:899–909. doi: 10.1038/s41564-021-00908-w

 8. Langnau C, Rohlfing AK, Gekeler S, Günter M, Pöschel S, Petersen-Uribe Á, et al. 
Platelet activation and plasma levels of furin are associated with prognosis of patients 
with coronary artery disease and COVID-19. Arterioscler Thromb Vasc Biol. (2021) 
41:2080–96. doi: 10.1161/ATVBAHA.120.315698

 9. Thomas G. Furin at the cutting edge: from protein traffic to embryogenesis and 
disease. Nat Rev Mol Cell Biol. (2002) 3:753–66. doi: 10.1038/nrm934

 10. Essalmani R, Jain J, Susan-Resiga D, Andréo U, Evagelidis A, Derbali RM, et al. 
Distinctive roles of furin and TMPRSS2  in SARS-CoV-2 infectivity. J Virol. (2022) 
96:e0012822. doi: 10.1128/jvi.00128-22

 11. Cox M, Peacock TP, Harvey WT, Hughes J, Wright DW, COVID-19 Genomics UK 
(COG-UK) Consortium, et al. SARS-CoV-2 variant evasion of monoclonal antibodies 
based on in  vitro studies. Nat Rev Microbiol. (2023) 21:112–24. doi: 10.1038/
s41579-022-00809-7

 12. Eyre DW, Taylor D, Purver M, Chapman D, Fowler T, Pouwels KB, et al. Effect of 
Covid-19 vaccination on transmission of alpha and Delta variants. N Engl J Med. (2022) 
386:744–56. doi: 10.1056/NEJMoa2116597

 13. Chalkias S, Eder F, Essink B, Khetan S, Nestorova B, Feng J, et al. Safety, 
immunogenicity and antibody persistence of a bivalent beta-containing booster vaccine 
against COVID-19: a phase 2/3 trial. Nat Med. (2022) 28:2388–97. doi: 10.1038/
s41591-022-02031-7

 14. Luna-Muschi A, Borges IC, de Faria E, Barboza AS, Maia FL, Leme MD, et al. 
Clinical features of COVID-19 by SARS-CoV-2 gamma variant: A prospective cohort 
study of vaccinated and unvaccinated healthcare workers. J Infect. (2022) 84:248–88. doi: 
10.1016/j.jinf.2021.09.005

 15. Connolly CM, Karaba AH, Po-Yu Chiang T, Teles M, Kim JD, Scott Johnson T, 
et al. Low omicron BA.4 and BA.5 neutralising activity and breakthrough COVID-19 
following pre-exposure prophylaxis with tixagevimab plus cilgavimab in vaccinated 
patients with autoimmune disease. Clin Exp Rheumatol. (2023) 41:1202–1203. doi: 
10.55563/clinexprheumatol/pfli7o

 16. Khan N, Mahmud N. COVID-19 vaccine effectiveness against the omicron variant 
in a veterans affairs cohort of patients with inflammatory bowel disease. Am J 
Gastroenterol. (2022) 118:664–73. doi: 10.14309/ajg.0000000000002071

 17. Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, et al. 
Tracking changes in SARS-CoV-2 spike: evidence that D614G increases infectivity of 
the COVID-19 virus. Cell. (2020) 182:812–827.e19. doi: 10.1016/j.cell.2020.06.043

 18. Tian F, Tong B, Sun L, Shi S, Zheng B, Wang Z, et al. N501Y mutation of spike 
protein in SARS-CoV-2 strengthens its binding to receptor ACE2. eLife. (2021) 10:10. 
doi: 10.7554/eLife.69091

 19. Lista MJ, Winstone H, Wilson HD, Dyer A, Pickering S, Galao RP, et al. The P681H 
mutation in the spike glycoprotein of the alpha variant of SARS-CoV-2 escapes IFITM 
restriction and is necessary for type I interferon resistance. J Virol. (2022) 96:e0125022. 
doi: 10.1128/jvi.01250-22

 20. Trobajo-Sanmartin C. Emergence of SARS-CoV-2 variant B.1.575.2, containing 
the E484K mutation in the spike protein, in Pamplona, Spain, May to June 2021. J Clin 
Microbiol. (2021) 59:e0173621. doi: 10.1128/JCM.01736-21

 21. Fratev F. N501Y and K417N mutations in the spike protein of SARS-CoV-2 Alter 
the interactions with both hACE2 and human-derived antibody: A free energy of 
perturbation retrospective study. J Chem Inf Model. (2021) 61:6079–84. doi: 10.1021/acs.
jcim.1c01242

 22. Li M, Liu Q, Wu D, Tang L, Wang X, Yan T, et al. Association of COVID-19 
vaccination and clinical severity of patients infected with Delta or omicron variants – 
China, May 21, 2021-February 28, 2022. China CDC Wkly. (2022) 4:293–7. doi: 
10.46234/ccdcw2022.074

 23. Yang Z, Zhang S, Tang YP, Zhang S, Xu DQ, Yue SJ, et al. Clinical characteristics, 
transmissibility, pathogenicity, susceptible populations, and re-infectivity of prominent 
COVID-19 variants. Aging Dis. (2022) 13:402–22. doi: 10.14336/AD.2021.1210

 24. Lauring AS, Tenforde WM, Chappell DJ, Gaglani M, Ginde AA, McNeal T. Clinical 
severity of, and effectiveness of mRNA vaccines against, covid-19 from omicron, delta, 
and alpha SARS-CoV-2 variants in the United States: prospective observational study. 
BMJ. (2022) 376:e069761. doi: 10.1136/bmj-2021-069761

 25. Islam KU, A-Elgadir TME, Afaq S, Ahmad T, Iqbal J. Molecular and clinical 
aspects of COVID-19 vaccines and other therapeutic interventions apropos emerging 
variants of concern. Front Pharmacol. (2021) 12:778219. doi: 10.3389/fphar. 
2021.778219

 26. Dao TL, Hoang VT, Nguyen NN, Delerce J, Chaudet H, Levasseur A, et al. Clinical 
outcomes in COVID-19 patients infected with different SARS-CoV-2 variants in 
Marseille, France. Clin Microbiol Infect. (2021) 27:1516.e1–6. doi: 10.1016/j.
cmi.2021.05.029

 27. Motozono C, Toyoda M, Zahradnik J, Saito A, Nasser H, Tan TS, et al. SARS-
CoV-2 spike L452R variant evades cellular immunity and increases infectivity. Cell Host 
Microbe. (2021) 29:1124–1136.e11. doi: 10.1016/j.chom.2021.06.006

 28. Greaves J, Lemonidis K, Gorleku OA, Cruchaga C, Grefen C, Chamberlain LH. 
Palmitoylation-induced aggregation of cysteine-string protein mutants that cause 

neuronal ceroid lipofuscinosis. J Biol Chem. (2012) 287:37330–9. doi: 10.1074/jbc.
M112.389098

 29. Starr TN, Greaney AJ, Hannon WW, Loes AN, Hauser K, Dillen JR, et al. Shifting 
mutational constraints in the SARS-CoV-2 receptor-binding domain during viral 
evolution. Science. (2022) 377:420–4. doi: 10.1126/science.abo7896

 30. Meng B, Abdullahi A, Ferreira IATM, Goonawardane N, Saito A, Kimura I, et al. 
Altered TMPRSS2 usage by SARS-CoV-2 omicron impacts infectivity and fusogenicity. 
Nature. (2022) 603:706–14. doi: 10.1038/s41586-022-04474-x

 31. Hui KPY, Ho JCW, Cheung MC, Ng KC, Ching RHH, Lai KL, et al. SARS-CoV-2 
omicron variant replication in human bronchus and lung ex  vivo. Nature. (2022) 
603:715–20. doi: 10.1038/s41586-022-04479-6

 32. Elgundi Z, Papanicolaou M, Major G, Cox TR, Melrose J, Whitelock JM. Cancer 
metastasis: the role of the extracellular matrix and the heparan sulfate proteoglycan 
perlecan. Front Oncol. (2019) 9:1482. doi: 10.3389/fonc.2019.01482

 33. Farrugia BL, Lord MS, Melrose J, Whitelock JM. The role of heparan sulfate in 
inflammation, and the development of biomimetics as anti-inflammatory strategies. J 
Histochem Cytochem. (2018) 66:321–36. doi: 10.1369/0022155417740881

 34. Chu H, Hu B, Huang X, Chai Y, Zhou D, Wang Y, et al. Host and viral determinants 
for efficient SARS-CoV-2 infection of the human lung. Nat Commun. (2021) 12:134. doi: 
10.1038/s41467-020-20457-w

 35. Clausen TM, Sandoval DR, Spliid CB, Pihl J, Perrett HR, Painter CD, et al. SARS-
CoV-2 infection depends on cellular heparan sulfate and ACE2. Cell. (2020) 
183:1043–1057.e15. doi: 10.1016/j.cell.2020.09.033

 36. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, et al. 
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically 
proven protease inhibitor. Cell. (2020) 181:271–280.e8. doi: 10.1016/j.cell.2020.02.052

 37. Partridge LJ, Urwin L, Nicklin MJH, James DC, Green LR, Monk PN. ACE2-
independent interaction of SARS-CoV-2 spike protein with human epithelial cells is 
inhibited by unfractionated heparin. Cells. (2021) 10:1419. doi: 10.3390/cells10061419

 38. Yue J, Jin W, Yang H, Faulkner J, Song X, Qiu H, et al. Heparan sulfate facilitates 
spike protein-mediated SARS-CoV-2 host cell invasion and contributes to increased 
infection of SARS-CoV-2 G614 mutant and in lung cancer. Front Mol Biosci. (2021) 
8:649575. doi: 10.3389/fmolb.2021.649575

 39. Casalino L, Gaieb Z, Goldsmith JA, Hjorth CK, Dommer AC, Harbison AM, et al. 
Beyond shielding: the roles of Glycans in the SARS-CoV-2 spike protein. ACS Cent Sci. 
(2020) 6:1722–34. doi: 10.1021/acscentsci.0c01056

 40. Kim SY, Jin W, Sood A, Montgomery DW, Grant OC, Fuster MM, et al. 
Characterization of heparin and severe acute respiratory syndrome-related coronavirus 
2 (SARS-CoV-2) spike glycoprotein binding interactions. Antivir Res. (2020) 181:104873. 
doi: 10.1016/j.antiviral.2020.104873

 41. Mycroft-West CJ, Su D, Pagani I, Rudd TR, Elli S, Gandhi NS, et al. Heparin 
inhibits cellular invasion by SARS-CoV-2: structural dependence of the interaction of 
the spike S1 receptor-binding domain with heparin. Thromb Haemost. (2020) 
120:1700–15. doi: 10.1055/s-0040-1721319

 42. Sztain T, Ahn SH, Bogetti AT, Casalino L, Goldsmith JA, Seitz E, et al. A glycan 
gate controls opening of the SARS-CoV-2 spike protein. Nat Chem. (2021) 13:963–8. 
doi: 10.1038/s41557-021-00758-3

 43. Gao P, Xu M, Zhang Q, Chen CZ, Guo H, Ye Y, et al. Graph convolutional network-
based screening strategy for rapid identification of SARS-CoV-2 cell-entry inhibitors. J 
Chem Inf Model. (2022) 62:1988–97. doi: 10.1021/acs.jcim.2c00222

 44. Kearns FL, Sandoval DR, Casalino L, Clausen TM, Rosenfeld MA, Spliid CB, et al. 
Spike-heparan sulfate interactions in SARS-CoV-2 infection. Curr Opin Struct Biol. 
(2022) 76:102439. doi: 10.1016/j.sbi.2022.102439

 45. Guimond SE, Mycroft-West CJ, Gandhi NS, Tree JA, le TT, Spalluto CM, et al. 
Synthetic heparan sulfate mimetic pixatimod (PG545) potently inhibits SARS-CoV-2 
by disrupting the spike-ACE2 interaction. ACS Cent Sci. (2022) 8:527–45. doi: 10.1021/
acscentsci.1c01293

 46. Kiyan Y, Schultalbers A, Chernobrivaia E, Tkachuk S, Rong S, Shushakova N, et al. 
Calcium dobesilate reduces SARS-CoV-2 entry into endothelial cells by inhibiting virus 
binding to heparan sulfate. Sci Rep. (2022) 12:16878. doi: 10.1038/s41598-022-20973-3

 47. Zhang Q, Radvak P, Lee J, Xu Y, Cao-Dao V, Xu M, et al. Mitoxantrone modulates 
a heparan sulfate-spike complex to inhibit SARS-CoV-2 infection. Sci Rep. (2022) 
12:6294. doi: 10.1038/s41598-022-10293-x

 48. Connell BJ, Lortat-Jacob H. Human immunodeficiency virus and heparan sulfate: 
from attachment to entry inhibition. Front Immunol. (2013) 4:385. doi: 10.3389/
fimmu.2013.00385

 49. Bobardt MD, Saphire ACS, Hung HC, Yu X, van der Schueren B, Zhang Z, et al. 
Syndecan captures, protects, and transmits HIV to T lymphocytes. Immunity. (2003) 
18:27–39. doi: 10.1016/S1074-7613(02)00504-6

 50. Gangji RN, Sankaranarayanan NV, Elste J, al-Horani RA, Afosah DK, Joshi R, et al. 
Inhibition of herpes simplex Virus-1 entry into human cells by nonsaccharide 
glycosaminoglycan mimetics. ACS Med Chem Lett. (2018) 9:797–802. doi: 10.1021/
acsmedchemlett.7b00364

 51. Surviladze Z, Dziduszko A, Ozbun MA. Essential roles for soluble virion-
associated heparan sulfonated proteoglycans and growth factors in human 

https://doi.org/10.3389/fmed.2024.1364657
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1038/s41564-021-00908-w
https://doi.org/10.1161/ATVBAHA.120.315698
https://doi.org/10.1038/nrm934
https://doi.org/10.1128/jvi.00128-22
https://doi.org/10.1038/s41579-022-00809-7
https://doi.org/10.1038/s41579-022-00809-7
https://doi.org/10.1056/NEJMoa2116597
https://doi.org/10.1038/s41591-022-02031-7
https://doi.org/10.1038/s41591-022-02031-7
https://doi.org/10.1016/j.jinf.2021.09.005
https://doi.org/10.55563/clinexprheumatol/pfli7o
https://doi.org/10.14309/ajg.0000000000002071
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.7554/eLife.69091
https://doi.org/10.1128/jvi.01250-22
https://doi.org/10.1128/JCM.01736-21
https://doi.org/10.1021/acs.jcim.1c01242
https://doi.org/10.1021/acs.jcim.1c01242
https://doi.org/10.46234/ccdcw2022.074
https://doi.org/10.14336/AD.2021.1210
https://doi.org/10.1136/bmj-2021-069761
https://doi.org/10.3389/fphar.2021.778219
https://doi.org/10.3389/fphar.2021.778219
https://doi.org/10.1016/j.cmi.2021.05.029
https://doi.org/10.1016/j.cmi.2021.05.029
https://doi.org/10.1016/j.chom.2021.06.006
https://doi.org/10.1074/jbc.M112.389098
https://doi.org/10.1074/jbc.M112.389098
https://doi.org/10.1126/science.abo7896
https://doi.org/10.1038/s41586-022-04474-x
https://doi.org/10.1038/s41586-022-04479-6
https://doi.org/10.3389/fonc.2019.01482
https://doi.org/10.1369/0022155417740881
https://doi.org/10.1038/s41467-020-20457-w
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.3390/cells10061419
https://doi.org/10.3389/fmolb.2021.649575
https://doi.org/10.1021/acscentsci.0c01056
https://doi.org/10.1016/j.antiviral.2020.104873
https://doi.org/10.1055/s-0040-1721319
https://doi.org/10.1038/s41557-021-00758-3
https://doi.org/10.1021/acs.jcim.2c00222
https://doi.org/10.1016/j.sbi.2022.102439
https://doi.org/10.1021/acscentsci.1c01293
https://doi.org/10.1021/acscentsci.1c01293
https://doi.org/10.1038/s41598-022-20973-3
https://doi.org/10.1038/s41598-022-10293-x
https://doi.org/10.3389/fimmu.2013.00385
https://doi.org/10.3389/fimmu.2013.00385
https://doi.org/10.1016/S1074-7613(02)00504-6
https://doi.org/10.1021/acsmedchemlett.7b00364
https://doi.org/10.1021/acsmedchemlett.7b00364


Zhang et al. 10.3389/fmed.2024.1364657

Frontiers in Medicine 10 frontiersin.org

papillomavirus infections. PLoS Pathog. (2012) 8:e1002519. doi: 10.1371/journal.
ppat.1002519

 52. Dasgupta J, Bienkowska-Haba M, Ortega ME, Patel HD, Bodevin S, Spillmann D, 
et al. Structural basis of oligosaccharide receptor recognition by human papillomavirus. 
J Biol Chem. (2011) 286:2617–24. doi: 10.1074/jbc.M110.160184

 53. Chen Y, Maguire T, Hileman RE, Fromm JR, Esko JD, Linhardt RJ, et al. Dengue 
virus infectivity depends on envelope protein binding to target cell heparan sulfate. Nat 
Med. (1997) 3:866–71. doi: 10.1038/nm0897-866

 54. Kim SY, Zhao J, Liu X, Fraser K, Lin L, Zhang X, et al. Interaction of Zika virus 
envelope protein with Glycosaminoglycans. Biochemistry. (2017) 56:1151–62. doi: 
10.1021/acs.biochem.6b01056

 55. Amstutz A, Speich B, Mentré F, Rueegg CS, Belhadi D, Assoumou L. Effects of 
remdesivir in patients hospitalised with COVID-19: a systematic review and individual 
patient data meta-analysis of randomised controlled trials. Lancet Respir Med. (2023) 
11:453–464. doi: 10.1016/S2213-2600(22)00528-8

 56. Johnson MG, Strizki JM, Brown ML, Wan H, Shamsuddin HH, Ramgopal M. 
Molnupiravir for the treatment of COVID-19 in immunocompromised participants: 
efficacy, safety, and virology results from the phase 3 randomized, placebo-controlled 
MOVe-OUT trial. Infection. (2023) 51:1–12. doi: 10.1007/s15010-022-01959-9

 57. Liu J, Pan X, Zhang S, Li M, Ma K, Fan C, et al. Efficacy and safety of Paxlovid in 
severe adult patients with SARS-Cov-2 infection: a multicenter randomized controlled 
study. Lancet Reg Health West Pac. (2023) 33:100694. doi: 10.1016/j.lanwpc.2023.100694

 58. Wang Y, Zhao D, Liu X, Chen X, Xiao W, Feng L. Early administration of Paxlovid 
reduces the viral elimination time in patients infected with SARS-CoV-2 omicron 
variants. J Med Virol. (2023) 95:e28443. doi: 10.1002/jmv.28443

 59. Anwar K, Nguyen L, Nagasaka M, Ou SI, Chan A. Overview of drug-drug 
interactions between ritonavir-boosted Nirmatrelvir (Paxlovid) and targeted therapy 
and supportive care for lung cancer. JTO Clin Res Rep. (2023) 4:100452. doi: 10.1016/j.
jtocrr.2022.100452

 60. Senefeld JW, Casadevall A, Joyner MJ. Convalescent plasma to deliver therapeutic 
antibodies against COVID-19. Trends Mol Med. (2022) 28:435–6. doi: 10.1016/j.
molmed.2022.02.005

 61. Zhang J, Zhang H, Sun L. Therapeutic antibodies for COVID-19: is a new age of 
IgM, IgA and bispecific antibodies coming? MAbs. (2022) 14:2031483. doi: 
10.1080/19420862.2022.2031483

 62. Shah M, Woo HG. Omicron: A heavily mutated SARS-CoV-2 variant exhibits 
stronger binding to ACE2 and potently escapes approved COVID-19 therapeutic 
antibodies. Front Immunol. (2021) 12:830527. doi: 10.3389/fimmu.2021.830527

 63. Asdaq SMB, Rabbani SI, Alkahtani M, Aldohyan MM, Alabdulsalam AM, 
Alshammari MS, et al. A patent review on the therapeutic application of monoclonal 
antibodies in COVID-19. Int J Mol Sci. (2021) 22:11953. doi: 10.3390/ijms222111953

 64. Rawat P, Sharma D, Srivastava A, Janakiraman V, Gromiha MM. Exploring 
antibody repurposing for COVID-19: beyond presumed roles of therapeutic antibodies. 
Sci Rep. (2021) 11:10220. doi: 10.1038/s41598-021-89621-6

 65. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety 
and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med. (2020) 
383:2603–15. doi: 10.1056/NEJMoa2034577

 66. Baden LR, el Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and 
safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. (2021) 384:403–16. doi: 
10.1056/NEJMoa2035389

 67. Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Safety 
and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an 
interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. 
Lancet. (2021) 397:99–111. doi: 10.1016/S0140-6736(20)32661-1

 68. Sadoff J, Gray G, Vandebosch A, Cárdenas V, Shukarev G, Grinsztejn B, et al. Safety 
and efficacy of single-dose Ad26.COV2.S vaccine against Covid-19. N Engl J Med. (2021) 
384:2187–201. doi: 10.1056/NEJMoa2101544

 69. Rosas IO, Bräu N, Waters M, Go RC, Hunter BD, Bhagani S, et al. Tocilizumab in 
hospitalized patients with severe Covid-19 pneumonia. N Engl J Med. (2021) 
384:1503–16. doi: 10.1056/NEJMoa2028700

 70. Kalil AC, Patterson TF, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan V, et al. 
Baricitinib plus remdesivir for hospitalized adults with Covid-19. N Engl J Med. (2021) 
384:795–807. doi: 10.1056/NEJMoa2031994

 71. Mishra GP, Mulani J. Corticosteroids for COVID-19: the search for an optimum 
duration of therapy. Lancet Respir Med. (2021) 9:e8. doi: 10.1016/S2213-2600 
(20)30530-0

 72. RECOVERY Collaborative Group, Horby P, Lim WS, Emberson JR, Mafham M, 
Bell JL. Dexamethasone in hospitalized patients with Covid-19. N Engl J Med. (2021) 
384:693–704. doi: 10.1056/NEJMoa2021436

 73. Siemieniuk RA, Meade MO, Alonso-Coello P, Briel M, Evaniew N, Prasad M. 
Corticosteroid therapy for patients hospitalized with community-acquired pneumonia: 
A systematic review and Meta-analysis. Ann Intern Med. (2015) 163:519–28. doi: 
10.7326/M15-0715

 74. Russell CD, Millar JE, Baillie JK. Clinical evidence does not support corticosteroid 
treatment for 2019-nCoV lung injury. Lancet. (2020) 395:473–5. doi: 10.1016/
S0140-6736(20)30317-2

 75. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is associated 
with decreased mortality in severe coronavirus disease 2019 patients with coagulopathy. 
J Thromb Haemost. (2020) 18:1094–9. doi: 10.1111/jth.14817

 76. REMAP-CAP Investigators; ACTIV-4a Investigators; ATTACC Investigators, 
Goligher EC, Bradbury CA, McVerry BJ et al. Therapeutic anticoagulation with heparin 
in critically ill patients with Covid-19. N Engl J Med. (2021) 385:777–89. doi: 10.1056/
NEJMoa2103417

 77. ATTACC Investigators; ACTIV-4a Investigators; REMAP-CAP Investigators, 
Lawler PR, Goligher EC, Berger JS et al. Therapeutic anticoagulation with heparin in 
noncritically ill patients with Covid-19. N Engl J Med. (2021) 385:790–802. doi: 10.1056/
NEJMoa2105911

 78. Tandon R, Sharp JS, Zhang F, Pomin VH, Ashpole NM, Mitra D, et al. Effective 
inhibition of SARS-CoV-2 entry by heparin and enoxaparin derivatives. J Virol. (2021) 
95:10.1128. doi: 10.1128/JVI.01987-20

 79. Kiselevskiy MV, Anisimova NY, Bilan MI, Usov AI, Ustyuzhanina NE, Petkevich 
AA, et al. Prospects for the use of marine sulfated fucose-rich polysaccharides in 
treatment and prevention of COVID-19 and post-COVID-19 syndrome. Russ J Bioorg 
Chem. (2022) 48:1109–22. doi: 10.1134/S1068162022060152

 80. Andrew M, Jayaraman G. Marine sulfated polysaccharides as potential antiviral 
drug candidates to treat Corona virus disease (COVID-19). Carbohydr Res. (2021) 
505:108326. doi: 10.1016/j.carres.2021.108326

 81. Bertini S, Alekseeva A, Elli S, Pagani I, Zanzoni S, Eisele G, et al. Pentosan 
Polysulfate inhibits attachment and infection by SARS-CoV-2 in vitro: insights into 
structural requirements for binding. Thromb Haemost. (2022) 122:984–97. doi: 10.1055/
a-1807-0168

 82. Zhang F, He P, Rodrigues AL, Jeske W, Tandon R, Bates JT, et al. Potential anti-
SARS-CoV-2 activity of pentosan polysulfate and mucopolysaccharide polysulfate. 
Pharmaceuticals (Basel). (2022) 15:258. doi: 10.3390/ph15020258

 83. Gonzalez-Ochoa AJ, Raffetto JD, Hernández AG, Zavala N, Gutiérrez O, Vargas 
A, et al. Sulodexide in the treatment of patients with early stages of COVID-19: A 
randomized controlled trial. Thromb Haemost. (2021) 121:944–54. doi: 10.1055/a- 
1414-5216

 84. Song S, Peng H, Wang Q, Liu Z, Dong X, Wen C, et al. Inhibitory activities of 
marine sulfated polysaccharides against SARS-CoV-2. Food Funct. (2020) 11:7415–20. 
doi: 10.1039/D0FO02017F

 85. Salih AEM, Thissera B, Yaseen M, Hassane ASI, el-Seedi HR, Sayed AM, et al. 
Marine sulfated polysaccharides as promising antiviral agents: A comprehensive report 
and modeling study focusing on SARS CoV-2. Mar Drugs. (2021) 19:406. doi: 10.3390/
md19080406

 86. Yang J, Song Y, Jin W, Xia K, Burnett GC, Qiao W, et al. Sulfated glycans inhibit 
the interaction of MERS-CoV receptor binding domain with heparin. Viruses. (2024) 
16:237. doi: 10.3390/v16020237

 87. Hans N, Malik A, Naik S. Antiviral activity of sulfated polysaccharides from 
marine algae and its application in combating COVID-19: mini review. Bioresour 
Technol Rep. (2021) 13:100623. doi: 10.1016/j.biteb.2020.100623

 88. Zoepfl M, Dwivedi R, Taylor MC, Pomin VH, McVoy MA. Antiviral activities of 
four marine sulfated glycans against adenovirus and human cytomegalovirus. Antivir 
Res. (2021) 190:105077. doi: 10.1016/j.antiviral.2021.105077

 89. Kwon PS, Oh H, Kwon SJ, Jin W, Zhang F, Fraser K, et al. Sulfated polysaccharides 
effectively inhibit SARS-CoV-2 in  vitro. Cell Discov. (2020) 6:50. doi: 10.1038/
s41421-020-00192-8

 90. Thomas X, Archimbaud E. Mitoxantrone in the treatment of acute 
myelogenous leukemia: a review. Hematol Cell Ther. (1997) 39:63–74. doi: 10.1007/
s00282-997-0163-8

 91. Fox EJ. Management of worsening multiple sclerosis with mitoxantrone: a review. 
Clin Ther. (2006) 28:461–74. doi: 10.1016/j.clinthera.2006.04.013

 92. Blair HA. Ibalizumab: A review in multidrug-resistant HIV-1 infection. Drugs. 
(2020) 80:189–96. doi: 10.1007/s40265-020-01258-3

 93. Sayana S, Khanlou H. Maraviroc: a new CCR5 antagonist. Expert Rev Anti-Infect 
Ther. (2009) 7:9–19. doi: 10.1586/14787210.7.1.9

 94. Wan YL, Sapra P, Bolton J, Chua JX, Durrant LG, Stern PL. Combination treatment 
with an antibody-drug conjugate (A1mcMMAF) targeting the oncofetal glycoprotein 
5T4 and carboplatin improves survival in a xenograft model of ovarian Cancer. Target 
Oncol. (2019) 14:465–77. doi: 10.1007/s11523-019-00650-8

 95. Islam SS, Uddin M, Noman ASM, Akter H, Dity NJ, Basiruzzman M, et al. 
Antibody-drug conjugate T-DM1 treatment for HER2+ breast cancer induces ROR1 
and confers resistance through activation of hippo transcriptional coactivator YAP1. 
EBioMedicine. (2019) 43:211–24. doi: 10.1016/j.ebiom.2019.04.061

 96. Ou J, Si Y, Goh KY, Yasui N, Guo Y, Song J, et al. Bioprocess development of 
antibody-drug conjugate production for cancer treatment. PLoS One. (2018) 
13:e0206246. doi: 10.1371/journal.pone.0206246

https://doi.org/10.3389/fmed.2024.1364657
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1371/journal.ppat.1002519
https://doi.org/10.1371/journal.ppat.1002519
https://doi.org/10.1074/jbc.M110.160184
https://doi.org/10.1038/nm0897-866
https://doi.org/10.1021/acs.biochem.6b01056
https://doi.org/10.1016/S2213-2600(22)00528-8
https://doi.org/10.1007/s15010-022-01959-9
https://doi.org/10.1016/j.lanwpc.2023.100694
https://doi.org/10.1002/jmv.28443
https://doi.org/10.1016/j.jtocrr.2022.100452
https://doi.org/10.1016/j.jtocrr.2022.100452
https://doi.org/10.1016/j.molmed.2022.02.005
https://doi.org/10.1016/j.molmed.2022.02.005
https://doi.org/10.1080/19420862.2022.2031483
https://doi.org/10.3389/fimmu.2021.830527
https://doi.org/10.3390/ijms222111953
https://doi.org/10.1038/s41598-021-89621-6
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1016/S0140-6736(20)32661-1
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2028700
https://doi.org/10.1056/NEJMoa2031994
https://doi.org/10.1016/S2213-2600(20)30530-0
https://doi.org/10.1016/S2213-2600(20)30530-0
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.7326/M15-0715
https://doi.org/10.1016/S0140-6736(20)30317-2
https://doi.org/10.1016/S0140-6736(20)30317-2
https://doi.org/10.1111/jth.14817
https://doi.org/10.1056/NEJMoa2103417
https://doi.org/10.1056/NEJMoa2103417
https://doi.org/10.1056/NEJMoa2105911
https://doi.org/10.1056/NEJMoa2105911
https://doi.org/10.1128/JVI.01987-20
https://doi.org/10.1134/S1068162022060152
https://doi.org/10.1016/j.carres.2021.108326
https://doi.org/10.1055/a-1807-0168
https://doi.org/10.1055/a-1807-0168
https://doi.org/10.3390/ph15020258
https://doi.org/10.1055/a-1414-5216
https://doi.org/10.1055/a-1414-5216
https://doi.org/10.1039/D0FO02017F
https://doi.org/10.3390/md19080406
https://doi.org/10.3390/md19080406
https://doi.org/10.3390/v16020237
https://doi.org/10.1016/j.biteb.2020.100623
https://doi.org/10.1016/j.antiviral.2021.105077
https://doi.org/10.1038/s41421-020-00192-8
https://doi.org/10.1038/s41421-020-00192-8
https://doi.org/10.1007/s00282-997-0163-8
https://doi.org/10.1007/s00282-997-0163-8
https://doi.org/10.1016/j.clinthera.2006.04.013
https://doi.org/10.1007/s40265-020-01258-3
https://doi.org/10.1586/14787210.7.1.9
https://doi.org/10.1007/s11523-019-00650-8
https://doi.org/10.1016/j.ebiom.2019.04.061
https://doi.org/10.1371/journal.pone.0206246


Zhang et al. 10.3389/fmed.2024.1364657

Frontiers in Medicine 11 frontiersin.org

 97. Byrd KM, Beckwith CG, Garland JM, Johnson JE, Aung S, Cu-Uvin S, et al. SARS-
CoV-2 and HIV coinfection: clinical experience from Rhode Island, United States. J Int 
AIDS Soc. (2020) 23:e25573. doi: 10.1002/jia2.25573

 98. Moreno-Torres V, Soriano V. Response to: prognostic factors in hospitalized HIV-
positive patients with COVID-19: correspondence. QJM. (2023) 116:721–2. doi: 
10.1093/qjmed/hcad100

 99. Karmen-Tuohy S, Carlucci PM, Zervou FN, Zacharioudakis IM, Rebick G, 
Klein E, et al. Outcomes among HIV-positive patients hospitalized with COVID-19. 
J Acquir Immune Defic Syndr. (2020) 85:6–10. doi: 10.1097/QAI.0000000000002423

 100. Diez C, omero-Raposo JD, Mican R, López JC, Blanco JR, Calzado S. 
COVID-19 in hospitalized HIV-positive and HIV-negative patients: A matched study. 
HIV Med. (2021) 22:867–76. doi: 10.1111/hiv.13145

https://doi.org/10.3389/fmed.2024.1364657
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1002/jia2.25573
https://doi.org/10.1093/qjmed/hcad100
https://doi.org/10.1097/QAI.0000000000002423
https://doi.org/10.1111/hiv.13145

	Therapeutic development targeting host heparan sulfate proteoglycan in SARS-CoV-2 infection
	Introduction
	Evolving of SARS-CoV-2 variants
	HSPG facilitates SARS-CoV-2 infection
	Involvement of HS in viral entry into host cells in other viruses
	Therapeutic development for SARS-CoV-2
	Replication inhibitors
	Antibody therapy
	Vaccines
	Other therapeutic options for patients with severe symptoms
	Therapeutic development based on the structure of HSPGs in COVID-19 infection
	Future perspectives
	Author contributions

	References

