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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic has caused severe health problems worldwide and unprecedented decimation of the
Heparin global economy. Moreover, after more than 2 years, many populations are still under pressure of infection. Thus,
Biosynthesis

a broader perspective in developing antiviral strategies is still of great importance. Inspired by the observed
multiple benefits of heparin in the treatment of thrombosis, the potential of low molecular weight heparin
(LMWH) for the treatment of COVID-19 have been explored. Clinical applications found that LMWH decreased
the level of inflammatory cytokines in COVID-19 patients, accordingly reducing lethality. Furthermore, several in
vitro studies have demonstrated the important roles of heparan sulfate in SARS-CoV-2 infection and the inhibitory
effects of heparin and heparin mimetics in viral infection. These clinical observations and designed studies argue
for the potential to develop heparin mimetics as anti-SARS-CoV-2 drug candidates. In this review, we summarize
the properties of heparin as an anticoagulant and the pharmaceutical possibilities for the treatment of virus
infection, focusing on the perspectives of developing heparin mimetics via chemical synthesis, chemoenzymatic
synthesis, and bioengineered production by microbial cell factories. The ultimate goal is to pave the eminent
need for exploring novel compounds to treat coronavirus infection-caused diseases.

Biological activities
Bio-production

1. Introduction SARS-CoV-2 genomes sampled worldwide revealed closely related

evolutionary selection in their human hosts [3]. It should be noted that,

Coronavirus is a family of RNA viruses that infect the respiratory
tract system. The ongoing COVID-19 (coronavirus disease 2019)
pandemic has caused more than 500 million human infections,
including at least 6 million deaths worldwide (as of Apr. 15, 2022), and
led to unprecedented decimation of the global economy [1]. COVID-19
is caused by the highly transmissible and pathogenic SARS-CoV-2 RNA
virus species with a high fatality rate [2]. The phylogenetic network of
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within about 2 years, SARS-CoV-2 has already resulted in several
evolutionary variants different from the original isolate spreading
rapidly over the global areas [4], from Alpha to Delta to the latest
globally spreading Omicron. Unfortunately, it is highly possible that
Omicron is not the last variant of SARS-CoV-2 [5,6].

In advanced stage of COVID-19, vascular leakage, abnormal coa-
gulopathy and excessive inflammation are the major complications
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leading to rapid deterioration and death of COVID-19 patients.
Furthermore, a progressive alteration of some inflammatory and coag-
ulative parameters was observed in this stage, leading to an increased
risk of both arterial and venous thrombosis [7-9]. Thus, anticoagulation
has been proposed as prognostically significant for reducing mortality in
COVID-19 treatment [10]. Heparin or low molecular weight heparins
(LMWHs) are the mostly used anticoagulant for the prevention and
treatment of thrombosis, therefore have been recommended by WHO to
apply to moderate-severe COVID-19 patients [10-15]. In addition,
heparin also shows ‘side’ effects, including attenuation of inflammatory
reaction and acting as a “trap” to bind the virus [16]. Though these
non-anticoagulant effects of heparin are beneficial to patients, a dosage
of heparin must be tightly regulated to avoid the risk of bleeding com-
plications. To overcome this potential adverse effect, heparin mimetics
with a weakened anticoagulant effect but more potent
anti-inflammatory and antiviral activity are attracting attention [17]. To
pave the rapid progress in developing non-anticoagulant heparin mi-
metics, a number of approaches are in the process.

This review summarizes the functional properties of heparin in
treating thrombosis and COVID-19 patients and the underlying mecha-
nisms of heparin’s beneficial effects in addition to its anticoagulant ac-
tivity. Production of heparin and heparin mimetics via chemical
synthesis, chemoenzymatic synthesis, and the current understandings of
the biosynthesis of heparin as well as efforts toward the bioengineered
production by microbial cell factories are discussed. Finally, synthetic
biology approaches are highlighted as the most efficient strategy for the
future supply of heparins.

2. Biological activities of heparin
2.1. Anticoagulation

Heparin was the first glycosaminoglycans (GAGs) molecule discov-
ered, originally isolated from dog liver [18]. A few decades after this
discovery, the clinical application of heparin as an anticoagulant was
introduced. However, the knowledge regarding the molecular structure
and functional mechanism of heparin’s anticoagulation activity was
utterly lacking. The breakthrough came from 1970 to 1980, when the
unique pentasaccharide sequence in heparin chains was identified
(Fig. 1). Since then, it has been clarified that the anticoagulation activity
of heparin is through a specific interaction between the pentasaccharide
sequence and antithrombin (AT), an endogenous anticoagulant protein
inhibiting several coagulation factors [19,20] (Fig. 2). This finding
significantly promoted the application of heparin and the generation of
low molecular weight heparin (LMWH).

It should be pointed out that heparin is currently isolated from ani-
mal tissues, mainly porcine intestinal mucosa or bovine lung. This
animal-derived medicine is highly heterogenous and has an average
molecular weight of 14-15 kDa, leading to poor pharmacokinetics and
clinical inconvenience in dosage. Moreover, the macromolecular prop-
erty of heparin tends to be immunogenic, causing severe side effects, e.
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g., heparin-induced thrombocytopenia (HIT) [21]. LMWH is generated
by partial degradation (enzymatic or chemical) of heparin, resulting in
4-5 kDa fragments. LMWH has several advantages over full-length
heparin, including better pharmacokinetics, easier dosage and higher
safety. Regardless of the drawbacks of animal resources, more than 100
years after its discovery, this potent anticoagulant remains one of the
most widely used clinical drugs. The primary clinical indication of
heparin is for prophylactic treatment of postoperative thrombosis and
acute venous thrombosis [22]. However, it has been observed that the
application of heparin has exhibited multiple beneficial effects other
than anticoagulation, e.g., anti-cancer and anti-inflammation properties
[23]. In addition, experimental and retrospective studies showed that
LMWH had anti-neoplastic effects [24,25]. These encouraging obser-
vations support the beneficial impact of heparin in treating cancer pa-
tients and chronic inflammatory diseases complicated by thrombosis.

2.2. Heparin and heparin mimetics contributions to the treatment of
COVID-19 patients

One of the significant pathological symptoms of severe COVID-19
patients is hyper-coagulopathy-associated thrombosis, a leading cause
of high mortality. To prevent thrombosis, WHO recommended heparin
to be included in the treatment regime for hospitalized COVID-19 pa-
tients. Numerous clinical observations evidenced that treatment with
heparin, primarily LMWH, reduced lethality [26,27]. As the
hyper-coagulopathy is triggered by an acute immunological reaction
(“cytokine storm”) towards SARS-CoV-2 infection, it is assumed that
heparin, apart from anticoagulation, may have also exhibited
anti-inflammatory effects. Retrospective studies revealed reduced in-
flammatory cytokine levels were shown in COVID-19 patients treated
with LMWH [28]. These findings inspire and warrant a more profound
and broader investigation to explore the multiple-target effects of hep-
arin, e.g. anticoagulation, anti-inflammation and antiviral infection, in
the treatment of COVID-19 and other coronavirus infections [29].
However, it is to be noted that heparin is a potent anticoagulant, and its
dosage has to be tightly regulated to avoid the risk of bleeding compli-
cations. Thus, interest is increasing in designing heparin mimetics with
low or no anticoagulation activity but with high anti-inflammatory and
anti-viral activity [30,31].

Heparin mimetics are highly sulfated synthetic and semi-synthetic
glycosaminoglycans with different structures. In vitro studies from
different labs demonstrated the antiviral effect of heparin mimetics [32,
33]. Many heparin-like drugs, commonly used to treat other diseases,
also show good anti-SARS-CoV2 activity. For example, Pixatimod, a
synthetic HS mimetic, which is in clinical trials for cancer, was found to
have anti-SARS-CoV-2 activity (including those variants of concern)
through disruption of the interaction between spike protein and ACE2
[34]; Pentosan polysulfate, a semisynthetic heparin-like glucosamino-
glycan, which is an established drug for the oral treatment of interstitial
cystitis, exhibits weaker anticoagulant effects and more potent
SARS-CoV-2 inhibition than heparin in Vero cell model [35];
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Fig. 1. Illustration of heparin and heparan sulfate (HS) structure.
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Fig. 2. The anticoagulation activity of heparin. Antithrombin (a) has low affinity to coagulation enzymes. The conformation of AT (b) is changed after specific
binding to the pentasaccharide in heparin chains, which significantly increased the affinity of AT to the coagulation enzymes (c).

Mucopolysaccharide polysulfate, a heparinoid which is a clinic drug for
antithrombotic, exhibited effectively antiviral activities against
wild-type or Delta S-proteins of SARS-CoV-2 than heparin in an in vitro
cell-based assay [36]. Sulodexide, composed of a mixture of fast-moving
heparin and dermatan sulfate, has been used clinically for the preven-
tion and treatment of vascular diseases, improving the efficacy of
COVID-19 patients’ clinical outcomes [37]. However, discrepancies in
the antiviral potencies of heparin analogs are also indicated. For
instance, Gasbarri et al. revealed that SARS-CoV-2 does not use heparan
sulfate for infection and the inhibition against SARS-CoV-2 was found to
be simply reversible [38]. The search for novel low/non-anticoagulant
heparin mimetics with the increased binding ability and fewer side ef-
fects remains a research subject.

3. Biological functions of heparan sulfate
3.1. Expression and functions

Heparan sulfate (HS) was initially discovered as a ‘contaminant’ or
‘by-product’ of heparin production from animal tissues [39-41]. The
important biological functions of HS were recognized gradually when
the biochemical and biological techniques were advanced. The studies
during the past 40+ years have established multiple indispensable
functions of HS in animal development and homeostasis, which are
nicely described in several reviews [42,43]. The most direct shreds of
evidence are from transgenic animal models, showing that HS is essen-
tial for animal development. Eliminating the enzymes involved in HS
biosynthesis led to the production of distorted HS structure, resulting in
different degrees of the developmental defect and embryonic lethality in
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the animals [44-47]. Due to its ubiquitous expression and structural
diversity, HS interacts with diverse protein ligands, including enzymes,
growth factors/morphogens and their receptors, cytokines and ECM
components [48,49], enabling its participation in various biological
activities, covering coordinating cellular signaling to cell-cell, cell-ma-
trix communications. Recent studies have increasingly implicated HS in
pathological processes of various diseases, such as diabetic nephropathy
[50], inflammation [51,52], amyloid deposition [53,54] and tumor
biology [55]. These findings imply that the molecular structure of HS
may be altered under pathological conditions, resulting in abnormal
biological functions.

3.2. HS as co-receptor for virus infection

HS is attached to a variety of cell surfaces as heparan sulfate pro-
teoglycans (HSPGs), composed of a core protein and covalently linked to
GAG chains. One of the well-recognized functions of HS is as co-
receptors for many morphogens and growth factors, regulating key
signaling activities [44]. Accumulated evidence shows that HS on cell
surfaces also serves as a receptor for viral attachment and cell entry
[56]. The sulfated GAG chains exhibit global negative charges that can
interact electrostatically with a surface of viral or the basic residues of
viral capsid proteins that are not enveloped in the virus. Viruses use
these weak ionic interactions to increase their concentration at the cell
surface and augment the chances of binding to more specific receptors
[57,58].

Several virus species like Herpes Simplex Virus (HSV), dengue virus
(DENV) [59,60], and human papillomavirus (HPV) [61,62] have the
natural dependence of binding to HSPG for their attachment to the host
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cells. In addition, some highly prevalent viruses could gradually adapt to
HSPG after widely passaging in cells, such as foot-and-mouth disease
virus (FMDV) [63], Coxsackie virus B3 (CV-B3) [64], or the
Rhinoviruses-C15 (RV-C15), RV-A8, and RV-A89 [65-67]. Interestingly,
other viruses such as enterovirus 71 (EV-A71) [68,69] and Cunningham
polyomavirus (JCV) [70] can even obtain HSPG-binding ability in vivo
after adapting to the host. However, for respiratory syncytial virus (RSV)
[71,72] and Zika Virus (ZIKV) [73-75], the literature contains contra-
dictory findings showing that their binding to HSPG remains contro-
versial [58].

One solid evidence for the essential roles of HS in virus infection is
Herpes Simplex Virus (HSV) infection, where it is demonstrated that a
rare modification of HS described as 3-O-sulfation can interact with the
envelope protein of HSV to trigger viral penetration into cells [76]. Yet,
most oncogenic viruses’ entry into the host is initiated by attachment to
HSPG followed by important conformational changes of viral proteins
and then fuses with cellular membranes. For example, Kaposi’'s
sarcoma-associated herpes virus (KSHV) attaches primarily to HSPGs on
the surface of host cells via gB and gpK8.1A [77,78], subsequently
changes the conformation of viral glycoproteins to allow access to spe-
cific entry receptors. It also has been demonstrated that HSPGs
expressed on the endothelial cell surface act as a receptor for HIV-1 Tat
[79,801], and their binding promotes HIV neurovirulence by allowing the
infection of endothelial cells that do not express CD4 and facilitating the
crossing of the blood-brain barrier [81]. Furthermore, using a mouse
embryonic fibroblast cell line defective in HS production, an important
role of HS on Sindbis virus infection has been demonstrated through the
direct interaction of envelope protein (E2) with HS [82].

Most interestingly, recent studies have provided ample evidence for
the critical role of HS on SARS-CoV-2 infection [83]. Numerous associ-
ated findings support this milestone report. The study shows that human
Cov-NL63 utilizes HSPG for attachment to target cells [84]. Treatment of
HEK293E/ACE2-Myc cells with heparinase (degrading cell surface HS)
or exogenous heparin (competing with cell surface HS) prevents viral
spike protein binding to host cells. This treatment also impedes SARS
pseudovirus infection, supporting the receptor roles of HS for
SARS-CoV-2 attachment at the early phase of invasion [85]. Indeed,
heparin and heparin mimetics are demonstrated to bind to the S1 pro-
tein receptor binding domain (RBD), leading to a conformational change
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Fig. 3. Heparan sulfate serves as a receptor for viral attachment. Heparan
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adjacent specific entry receptor, shifting the spike structure to an open
conformation to facilitate ACE2 binding.
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that blocks the viral attachment and/or entry, subsequently, the cellular
invasion by SARS-CoV-2 (Fig. 3). Further, the molecular structure of
heparin to interact with the RBD has been investigated, showing a
preference in 2-O and 6-O sulfation of the polysaccharide [86].

More and more evidence suggest that HSPGs are required for virus
binding to host cells, while the HS moieties on HSPGs play the key role
as virus receptors. Thus, HS or HSPG could serve as an excellent broad-
spectrum antiviral target. Theoretically, these also provide a hint that
exogenous sulfated polysaccharides may have a broad inhibition effect
on virus infection.

4. Synthesis of heparin mimetics

As a front-line anticoagulant drug, the pharmaceutical production of
heparin currently exceeds 100 tons/year using porcine slaughter by-
products intestinal mucosa as starting material. However, animal sour-
ces bring up major concerns in aspects of safety, environmental and
supply stress. Therefore, there is an urgent need to develop non-animal
source heparins to satisfy the essential need as an anticoagulant and
meet the perspective for further widening the applications.

4.1. Biosynthetic enzymes for heparin and heparan sulfate

Heparin and HS are composed of alternating hexuronic acid (p-glu-
curonic acid (GlcA)/1-iduronic acid (IdoA)) and p-glucosamine (GIcN)
that are sulfated at various positions. Heparin is exclusively found in
connective tissue mast cells, while HS is expressed in all cell types. They
share a common biosynthesis pathway that involves at least 11 different
enzymes (Table 1). The biosynthetic process is described as two stages:
1) assembly of repeating -GlcA-GlcNAc- disaccharide units to produce
the backbone of [GlcA-GlcNAc], structure that is accomplished by 6
different glycosyltransferases; and 2) modification of the polymers
(heparosan) by five reactions catalyzed by distinct enzymes [43]. The
first modification is N-deacetylation and N-sulfation of the GlcNAc units
catalyzed by N-deacetylase/N-sulfotransferase (Ndst), creating substrate
for the C5-epimerase (Glce) to convert GlcA to IdoA. Then the polymer
serves as an optimal substrate for 2-O-sulfotransferase (Hs2st) that pre-
fers to transfer sulfate group to the C2 of IdoA than to GlcA residues. The
6-O-sulfotransferase (Hs6st) transfers sulfate group to the C6 of GIcN,
which seems less selective and can occur even before the N-sulfation
(Fig. 4). The 3-O-sulfotransferase (Hs3st) adds sulfates at C3 of GlcN
units, which rarely occurs in HS [87], but is critical for the anti-
coagulation activity in heparin. While a single gene codes Glce and Hs2st
in mammalian cells, Ndst, Hs6st, and Hs3st are expressed in several
isoforms [43].

4.2. Chemical synthesis

On average, the natural heparin isolated from porcine intestinal
mucosa is composed of 60 mono-sugars and the size of LMWH is around
20 sugar units, which makes the chemical synthesis of these complicated
carbohydrate molecules practically impossible. Nonetheless, the finding
of specific binding of the pentasaccharide with antithrombin facilitated
the chemical synthesis of anticoagulant oligosaccharides [88]. So far,
the pentasaccharide fonduparinux is still the only synthetic oligosac-
charide drug that inhibits coagulation enzymes through binding to
antithrombin [89]. Although chemical synthesis of polysaccharides re-
mains a major challenge, recent progress has been made to synthesize
heparin-like oligosaccharides [90-93]. Instead of directly synthesizing
an oligosaccharide, one strategy is to prepare ‘building blocks’, e.g. di-
saccharides that are linked to form a longer chain [94]. This approach
was further elaborated using the ‘building blocks’ derived from a natural
polysaccharide, e.g., heparin or HS [95]. In this way, one may build up
‘tailored’ oligosaccharides.

Chemically synthesized compounds are more homogeneous than
those isolated from natural sources. However, restricted by the chemical
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Table 1

The enzymes involved in the biosynthesis of heparin and heparan sulfate.
Enzyme Abbreviation Gene Function Reference
Xylosyltransferase Xyl-T XylT Transfer xylose to core protein [126]
Galactosyltransferase 1 Gal-T1 B4galT7 Transfer 1st galactose [127]
Galactosyltransferase 2 Gal-T2 B3galT6 Transfer 2nd galactose [127]
Glucuronytransferase 1 GlcA-T1 B3gat3 Transfer first glucoronic acid [128]
N-acetylated glucusamyltransferase 1 EXTL2 Extl2 Transfer first N-acetyl glucosamine [129]
Polymerase EXT Extl1/2 Transfer alternate GlcA and GlcNAc [130]
N-deacetylase/N-sulfotransferase NDST Ndst1-4 N-deacetylation and sulfation of GlcNAc [131]
Glucuorynyl C5-epimerase Hsepi Glce Epimerization of GlcA to IdoA [132]
Hexuronyl 2-O-sulfotransferase HS20ST Hs2st Sulfation of IdoA and GlcA at C2 [133]
Glucosaminyl 6-O-sulfotransferase HS60ST Hs6st1-3 Sulfation of GlcN at C6 [134]
Glucosaminyl 3-O-sulfotransferase HS30ST Hs3st1-6 Sulfation of GlcN at C3 [22]
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Fig. 4. Biosynthesis of heparin and heparan sulfate.

nature of sugars, synthesis difficulty increases with increased chain
length concerning the protection of the hydroxyl group for each step of
the reaction; therefore, there is still a bottleneck to produce sufficient
quantities of oligosaccharides for pharmaceutical use. An alternative is
to produce non-sugar polymers. One of the successive approaches is
RAFT (Reversible Addition-Fragmentation chain Transfer) strategy to
synthesize heparin-mimic polymers, generating homopolymers with
molecular weights ranging from 5 to 50 kDa [96]. Among these syn-
thetic products, the polymer with sodium 4-styrene sulfonate as the
monomer and the copolymer composed of the sulfonated monomer and
acrylic acid at a ratio of 1:1 show better anticoagulant activity [96].

4.3. Chemoenzymatic synthesis

Chemical synthesis has the drawbacks of multiple protection/syn-
thesis steps, low yield and high cost, which greatly limit its practice. To
avoid this, strategies for the chemoenzymatic synthesis process have
been explored [36,97]. The capsular polysaccharide produced by E. coli
K5 strain has the repeating disaccharide (GlcAp1-4GlcNAcal-4),
structure (denoted as K5 polysaccharide) and was used as a precursor for
heparin/HS. K5 polysaccharides can be modified to ‘neoheparin’ by
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chemoenzymatic synthesis [98]. The polysaccharide, often denoted as
heparosan, was chemically deacetylated and N-sulfated, then incubated
with C5-epimerase to generate IdoA residues, followed by O-sulfating of
various hydroxyl groups on both HexA and GIcNS residues [99,100].
The products displayed anticoagulant activity to a similar level to hep-
arin. Unfortunately, due to the non-selective chemical O-sulfation, the
reaction generated an artificial structure of non-desired sulfation at C3
of HexA that is not found in natural heparin and HS. The above pro-
cedure is advanced by an alternative strategy using O-sulfotransferases,
which significantly improved selective O-sulfation reactions [101-103].
One interesting achievement is the mutational expression of one
6-O-sulfotransferase (6-OST), 6-OST Mt-4, to induce specific sulfation of
the non-reducing terminal glucosamine residues [104]. In addition,
N-deacetylation by chemical reaction, and enzymatic modification on
human 3-O-sulfotransferase-1 (3-OST-1), successively led to the
single-site sulfated heparosan, 2-deacetyl-3-O-sulfo-heparosan, which
exhibits certain anti-tumor activity in vitro [105]. Although the progress
in chemoenzymatic synthesis are encouraging, there is still a long way to
achieve industrial-scale production.
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5. Bio-production of heparin and heparin mimetics

Synthetic biology emerged at the beginning of the 21st Century and
has proved to be an effective technological approach to designing and
engineering biological systems for diverse applications, e.g., bio-
production of medicines, biofuels, and biomaterials. The significant
progress made in synthetic biology over the last decade will continue to
accelerate as design and testing cycles rely less on traditional molecular
cloning tools [106]. This is an ideal strategy to produce heparin (as well
as heparin mimetics) owing to its capacity and sustainability.

The biosynthesis process of heparin/HS taking place in the Golgi
apparatus is believed to be highly efficient through the concerted action
of each enzyme [107]. The idea is to transfer this process to a micro-
organism to produce polysaccharides. As discussed above, heparosan,
the precursor of heparin and HS, can be produced by E. coli K5. To in-
crease the production of heparosan and develop an alternative source of
heparosan from a non-pathogenic strain, many strategies have been
used, including co-expression of the key genes (such as elmA, pgcA, gtaB
and tuaD) involved in heparosan synthesis, use of different chassis cells
as bioreactor and optimization of culture conditions (compositions of
medium and culture phase) [108-112]. Bacillus megaterium does not
appear to be a very efficient chassis; with a modular approach for
UDP-precursor production and pmHSI heparosan synthesis in
B. megaterium, the titer of heparosan was 237.6 mg/L [112]. By
up-regulating a single precursor pathway gene UDP and expressing kfiC
and kfiA glycosyltransferase genes from E. coli K5, the maximum con-
centration of heparosan produced by engineering B. megaterium in the
bioreactor increased to 394 mg/L, further through fed-batch fermenta-
tion, the heparosan titer was increased to 1.32 g/L [113]. The
non-pathogenic E. coli BL21 was also used to express heparosan; by
inducing the four essential heparosan biosynthesis genes pKfiA-pKfiD in
it and optimizing the cultivation process, heparosan titer reached 1.88
g/L [109], and when co-express the eliminase gene elmA, heparosan
polysaccharide (about 60-100 kDa) can be cleaved into smaller oligo-
saccharide [114]. The most effective chassis may be B. subtilis (a
recognized safe strain for industrial production), with heparosan titers
reaching 5.82 g/L through up-regulation of the tauD gene (encoding the
UDPGDH enzyme) and fermentation optimization [110,115]. However,
it is still far from using E. coli K5, which has four essential genes
(pKfiA-pKfiD) organized in one operon, heparosan titer up to 15 g/L in
bioreactor [116,117].

These efforts are still trying to produce heparin precursors in the
microorganisms. The most challenging strategy is to engineer the mi-
croorganisms to make heparin! One key point is that these post-modified
enzymes acting on heparosan to produce heparin have extremely high
stereoselectivity and specificity, and it’s challenging to find natural
enzymes that meet such conditions from microorganisms [118]. It is
possible that the enzymes with high specificity or stereoselectivity can
be obtained by artificially creating proteins like using “de novo design”
to produce “mini proteins” (only the active domain is retained) or by
rational design strategy such as the biopharmaceutical company
Optimvia, using amino acid sequences to build entirely new proteins to
produce heparin recently [119]. This is a step closer to the microor-
ganism production of heparin. Nevertheless, to meet the demand for
larger quantities of heparin and the potential of heparin mimetics in
drug development (global market = > 100 metric tons/year) [120], we
still need to work on several aspects: 1) optimizing the substrate speci-
ficity and stereoselectivity of the enzyme; 2) screening a non-toxic and
genetically manipulated microbial chassis suitable for high-yielding
heparin; 3) using Scale-up technology to optimize fermentation pro-
cess to achieve high yield of heparin. To reach the above achievements
for heparin overproduction through the desired pathways, the 5Ms
strategy (including Mine, Model, Manipulation, Measure & Manufac-
ture) could be applied (Fig. 5) [121,122]. Firstly, ‘Mine’ is used to clarify
the internal connections in big data sets, including various omics, to
generate hypotheses for ‘Model’. The subsequent ‘Manipulation’ is
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Fig. 5. Intelligent bio-production of heparin with 5Ms strategy.

applied to test the above hypotheses and figure out the feasible solution.
Then ‘Measure’ is to uncover the phenotype of genome-modified mi-
croorganisms. These four procedures formed iterative cycles of experi-
mentation and computation, which could be put forward for the
application of ‘Manufacture’ [123,124]. With this 5Ms strategy, heparin
and analogs could be manufactured and scaled up from the tube scale to
industrial production. This system has been used for the successful
overproduction of avermectins [121] and integrated multi-scale data--
driven engineering to improve the production of natural products [125].

6. Concluding remarks and future perspectives

Heparin has been extensively used in research to elucidate the in-
teractions between HS and protein ligands. As a result, more than 100
HS-binding proteins, including cytokines, growth factors and viral pro-
teins have been identified. Thus, it is believed that heparin can modulate
each of the functions of HS. Considering the significant multi-effects of
heparin used to treat COVID-19, well-designed heparin mimetics could
possess multi-target biological activities, including inhibition of viral
infection and replication, modulation of inflammatory responses, and
prevention of hyper-coagulopathy and lung damage [27,28,41].

Thus, apart from the important clinical application for the preven-
tion and treatment of thrombosis, the accumulated experimental and
clinical findings potential opens a broader venue for heparin mimetics in
pharmaceutical development. However, the issue of biosafety and raw
material resource limitation remains as far as heparin is exclusively
extracted from animal tissues. To meet the requirements in safety,
quantity and cost, bio-engineering production in microorganisms should
be the most optimal approach to produce heparin. Thousands of bac-
terial and plant genomes revealed a tremendous breadth of previously
unknown secondary metabolite biosynthetic genes. Integrated strategies
of genome mining, synthetic biology, and synergistic bioactivity
screening will facilitate designing a better gene circuit for an efficient
bio-manufacturing of heparin in a selected microorganism.
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