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ABBREVIATIONS
AMI: Acute Myocardial Infarction; AD: Alzheimer's Disease; α 
2-AP: α 2-Antiplasmin; AHA: American Heart Association; Aβ: 
β-Amyloid; APP: β-Amyloid Precursor Protein; CDT: Cath-
eter-Directed Thrombolysis; IPF: Idiopathic Pulmonary Fibrosis; 
µ Plm: µ Plasmin; PAD: Peripheral Arterial Disease; PAO: Per-
ipheral Arterial Occlusion; Plm: Plasmin; Plg: Plasminogen; PAI: 
Plasminogen Activator Inhibitor; tPA: tissue-type Plasminogen 
Activator; uPA: urokinase-type Plasminogen Activator

INTRODUCTION
Keeping hemostatic balance is essential for maintaining a healthy 
cardiovascular system (Palta S, et al., 2014), and disturbing the 
balance in case of pathogenic thromboembolism can cause ma-
jor fatal diseases, such as ischemic stroke, myocardial infarction, 
and SARS-CoV-2 caused systemic blood clotting. Importantly to 
human health, according to AHA (American Heart Association), 
despite the dramatic health impact of the COVID-19 pandemic, 
heart disease is still the leading cause of death globally (Buzby S, 
2021). In vivo, the pathogenic thrombi are dissolved into soluble 
components by the enzyme Plasmin (Plm), a serine protease that 
is derived from the proenzyme Plasminogen (Plg) (Lin H, et al., 
2020; Aisina RB and Mukhametova LI, 2014). Plg binds to both 
fibrin and fibrinogen, thereby incorporating into a clot as it is 
formed (Wu G, et al., 2019). Both urokinase-type Plasminogen 
Activator (uPA) and tissue-type Plasminogen Activator (tPA) 
are exquisitely specific serine proteases which convert Plg to Plm 
(Gurewich V, 2000). Other major parts of the blood’s intricate 
fibrinolytic network include the inhibitors such as Plg Activator 

Inhibitor (PAI), which binds to and inhibit tPA and uPA, and α 
2-Antiplasmin (α 2-AP), which binds to and inhibit Plm (Bach-
mann F, 1994).
A critical physiological function of Plm is shown in congenital 
Plm deficiency, which causes a multisystemic disorder leading to 
deficient extravascular fibrinolysis. As a clinical consequence, the 
wound healing capacity of mucous membranes is markedly im-
paired, leading to ligneous conjunctivitis and several other mani-
festations (Mehta R and Shapiro AD, 2008; Klammt J, et al., 2011).
In addition to dissolving blood clots, Plm can also be involved in 
a diverse range of physiological processes, such as cancer growth 
(Kwaan HC and McMahon B, 2009; Didiasova M, et al., 2014), 
wound healing (Sulniute R, et al., 2016), tissue remodeling (Miles 
LA and Parmer RJ, 2013), cell migration (Saksela O, 1985), 
inflammation (Hamilton JA, 2008), and immunity (Draxler DF, 
et al., 2017). This review, however, will focus on few major thera-
peutic directions, including thromboembolism diseases such as 
ischemic stroke and myocardial infarction, Alzheimer’s Disease, 
pulmonary fibrosis, and SARS-CoV-2 caused systemic thrombo-
sis.
Although there are many therapeutic developments toward Plg 
activation and modulation of Plm activities (Lin H, et al., 2020), 
and the Plasminogen Activator drugs such as tPA are the first-line 
treatment for thromboembolism diseases such as ischemic stroke 
and myocardial infarction (US National Library of Medicine, 
2021), the successful development of Plm-based direct thrombo-
lytic drugs, however, has not been successful. This review focuses 
on the understudied area in the therapeutic development of Plg, 
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Plm, and microPlm (µ Plm), the latter of which is the catalytic domain of 
Plm. The review will also describe a new direction of using a “directional 
structure-based protein engineering” approach for µ Plm based therapeut-
ic development. In the future directions section, we will analyze major 
problems facing Plm-based direct thrombolytic therapy. Contrary to the 
conventional approach of developing in vivo more stable, longer half-life 
protein or enzyme therapeutics, here we propose a new “hit and die” strat-
egy, in which an “ideal” thrombolytic drug hits the targeting thrombi, dis-
solving them, and die out, avoiding bleeding side effect resulting from the 
continued activity of the present thrombolytic drugs. In practice, we pro-
pose to develop in vivo unstable, short half-life thrombolytic therapeutics 
such as E. coli produced µ Plm and mutants, to reach good therapeutic 
efficacy and at the same time, avoid bleeding side effect.
Here the in vivo half-life for Plasmin-based therapeutics has two different 
definitions. The first definition is the in vivo enzyme activity half-life. Once 
in the blood, at low concentration (<1 µM, which is the serum concentra-
tion of α 2-AP), Plm is immediately neutralized by its principle inhibitor 
α 2-AP, and has an activity half-life of only 0.2 seconds, while μ Plm has a 
relatively longer activity plasma half-life of about 4 seconds (Wiman B, et 
al., 1978). The second definition is the inherent structural stability of the 
protein per se in the blood. For example, recombinant μ Plm refolded from 
E. coli inclusion bodies is stable in the controlled buffer and temperature 
of laboratory conditions, but the protein itself becomes unstable once in-
jected into the blood of a live mouse, with a structural half-life as short as 
11 seconds; on the other hand, the in vivo structural half-life of Plg and 
Plm can be as long as 2-4 days, as will be discussed later. In the “hit and 
die” strategy, we use the second definition when describing in vivo stability 
and half-life. In our description, the “quick death” of the μPlm therapeutics 
is not resulting from the inhibition of protease inhibitors present in the 
serum, but is a situation in which at high concentration (>1 µM), after neu-
tralizing all of the inhibitor activities and dissolving the targeting thrombi, 
the loss of the remaining enzyme activity from the structural disintegra-
tion of the recombinant enzyme itself.

LITERATURE REVIEW
Basic biology of the Plg/Plm system
Primary structure of Plg and its des-kringle derivatives: Plg (Figure 1a) 
is a single-chain glycoprotein, consisting of 791 amino acids, which circu-
lates inertly in the blood, but can bind to fibrin at newly formed blood clots 
(Petersen TE, et al., 1990). Biologically, the activation of Plg is enabled by 
digestion of the peptide bond between R561 and V562 by tPA trapped in 
the blood clot. The newly formed Plm then actively digests the fibrin in the 
clot, thereby dissolving it (Figure 1b). The activated Plg is transformed into 
2 separate subunits, but they remain interconnected through 2 disulfide 
bonds. The resulting longer subunit, called A chain of the Plm polypeptide, 
consists of 5 triple-loop disulfide Kringle (Kr) domains (approximately 78-
80 amino acids each). The shorter component, called the B chain, contains 
a “linker” region of about 20 amino acids and a serine protease domain 
(approximately 228 amino acids, see Figure 1a). Human Plg has three ma-
jor post-translational modification sites, which influence the in vivo activ-
ity, stability, and binding affinity to fibrinogen (Lin H, et al., 2020; Aisina 
RB and Mukhametova LI, 2014). Clearly shown in the crystal structure of 
full-length Plg, the O-glycosylation site (T346, Figure 1a) is present in all 
forms of circulated Plg, and protected the zymogen from “accidental” or 
unwanted activation, while the N-glycosylation site (N289, Figure 1a) is 
present only in Type I Plg, which favors the more active open conforma-
tion (Law RH, et al., 2012; Xue Y, et al., 2012). In addition, a phosphoryla-
tion site at the S578 position has also been identified, which may influence 
the stability of the molecule (Wang H, et al., 1990).

Through laboratory manipulations, 2 des-kringle variants of Plg with po-
tential pharmacological applications, miniPlg (mPlg) and microPlg (μPlg), 
have been created. mPlg is a mini version of Plg, consisting of only Kr5, 
the linker, and the serine protease domains, whereas μPlg consists of only 
the linker and serine protease domain itself. Initially, mPlg was produced 
by digestion with neutrophil elastase shown in Figure 1a between A440 
and S441 (Ney KA and Pizzo SV, 1982), while μPlg was produced by 
base-mediated cleavage at pH 11 (Wu HL, et al., 1987; Wu HL, et al., 1987). 
Similar to Plg activation, both mPlg and μPlg can be activated to miniPlm 
(mPlm) and microPlm (μ Plm) respectively, by digestion at the peptide 
bond between R561 and V562 by tPA, uPA, or other Plasminogen Activa-
tors (PAs), again forming 2 separate subunits interconnected by the same 2 
disulfide bonds. Removal of either one or both of these disulfide bonds by 
mutagenesis renders the activated serine protease domain non-functional 
(Wang J and Reich E, 1995). 
The biological activators of Plg are tPA and uPA, both of which direct-
ly activate Plg to Plm by cutting the R561-V562 (Figure 1a) bond. These 
are called direct or biological activators of Plg. Two bacterial Plg activa-
tors have also been extensively studied, including Streptokinase (SK) and 
Staphylokinase (SAK). SK was discovered in 1933 from hemolytic strep-
tococci bacteria, and has been used as a thrombolytic medicine for a long 
time (Sikri N and Bardia A, 2007). SK, a 47 kDa protein consisting of 414 
amino acid residues, has no proteolytic enzyme activity by itself, but can 
bind to Plg and converts the complex into a Plg activator (Wang X, et al., 
1998). SK, therefore, is an indirect and non-physiological Plg activator. 
The complex structure of µ Pm-SK shows that SK contains three domains, 
named α, β, and γ domain, bear-hugging the catalytic domain µ Plg, and 
turning the complex into a Plg activator through a forced change of con-
formation (Wang X, et al., 1998). SAK, containing 136 amino acid resi-
dues (15 kDa), is the equivalence of the α-domain of SK. SAK does not 
form complex nor activate Plg by itself, and can only form a complex and 
turn Plm into a Plg activator (Grella DK and Castellino FJ, 1997; Loy JA, 
et al., 2007). SAK, therefore, is a Plm dependent Plg activator (Esmon CT, 
Mather T, 1998; Parry MA, et al., 1998).
Substrate specificity: The substrate specificity of Plm has been considered 
rather broad, except for the P1 position, which is either arginine or lysine. 
However, certain levels of P4-P2 specificity were shown in the research 
reported by Backes BJ, et al., which is defined in the peptide level by a syn-
thesis of positional-scanning libraries of fluorogenic peptide substrates 
(Backes BJ, et al., 2000). A total of 6,859 peptides were screened by this 
strategy, revealing certain specific preferences at the P4-P2 positions. It 
was found that the P2 position prefers phenylalanine, tryptophan and 
tyrosine, while the P3 position lacks specific preference though threonine 
is often found at this position, and the P4 position favors a lysine residue, 
but valine, norleucine, isoleucine, and phenylalanine have also been found 
(Backes BJ, et al., 2000).
Using a phage display technology, Hervio LS, et al. have identified poten-
tial amino acids in each position by the selection of a library of phages 
that can be cleaved by Plm (Hervio LS, et al., 2000). They found that of 
the selected 111 phage clones, 69 clones showed a strong preference of ar-
ginine and lysine at P1, and 15 clones present the P2 substrate is likely to 
be an aromatic hydrophobic, which is either tyrosine or phenylalanine. A 
variety of amino acids including arginine, valine, glycine, and threonine 
have appeared at the P3 position. Similar to the P1 position, 3 out of 13 
clones contained a P1’ arginine, lysine, or serine residue, respectively, and 
2 clones contained glycine at P1’ position. Finally, the P2’ position appears 
to prefer the arginine, lysine, and glycine. For natural substrates recognized 
by Plm, we summarize the results in Table 1.
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Table 1: Natural substrate specificity of Plm

Consensus P4 P3 P2 P1 P1’ P2’ P3’ P4’ References
K/V/I/F/Nle V/G/T/R Y/F/W R/K R/K/S/G R/K/G X X

Fibrinogen α chain K N N K D S H S
A N N R D N T Y

β chain Y L L K D L W Q (Repetto O, et al., 2018)
K Q V K D N E N

γ chain S E V K Q L I K
Q L I K A I Q L

Syndecan-1 P D R R N Q S P (Manon‐Jensen T, et al., 2013)
Syndecan-4 V I P K R I S P (Manon‐Jensen T, et al., 2013; 

Schmidt A, et al., 2005)V S N K V S M S
Osteocalcin E A Y R R F Y G (Nielsen-Marsh CM, et al., 

2005)
Vitronectin K G Y R S Q R G (Chain D, et al., 1991)

PAR-1 (Proteinase 
Activated Receptor 1)

P E S K A T N A (Kuliopulos A, et al., 1999)
L D P R S F L L
T E Y R L V S I
S I N K S S P L
P L Q K Q L P A

Figure 1: Primary structure of Plg and break down of a fibrin clot. A. Diagram of amino acid sequence of Plg adopted from reference (Petersen 
TE, et al., 1990). PD: Protease Domain (residues Ala542-Asn791); Kringle1-5: Kringle domains; NTP: N-Terminal Peptide (residues 1-77);   : 
Glycosylation sites (N289, T346);   : Phosphorylation site (S578); big arrow marked as PA indicates the Arg561-Val562 bond cleaved by Plasmin-
ogen Activators (PA); small arrows are cleavage sites by other proteases;   : Cysteine residues forming the S-S bond between K2 and K3;   : Active 
site residues (H603, D646, S741) B. Schematic diagram of Plm digestion of a thrombus. The diagram shows activation of Plg by tPA (tissue-type 
Plasminogen Activator) in the clot and the degradation of fibrin clot by Plm, which is immediately inactivated by the Plasmin Inhibitor (α 2-An-
tiplasmin (α 2-AP)) when released into the blood. FDPs: Fibrin Degradation Products
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PAR-4 (Proteinase 
Activated Receptor 4)

P A P R G Y P G (Xu WF, et al., 1998)

Factor X I T F R M N V A (Pryzdial EL, et al., 1999)
Kininogen

Proinsulin P K S R R E V E (Imai S, et al., 2015)
A Q Q K R G I V

Von Willebrand L G P K R N S M (Brophy TM, et al., 2015)
Factor

α S2-casein E T Y K Q E K N (Kelly AL and McSweeney PL, 
2003; Le Bars D and Gripon JC, 

1989)
K Q E K N M A I
Q V K R N A V P
V F T K K T K L
F T K K T K L T
Q Y L K T V Y Q
Q H Q K A M K P
I Q P K T K V I

β-casein R I N K K I E K (Huppertz T, et al., 2006; Atam-
er Z, et al., 2017)M A P K H K E M

P K H K E M P F

CDCP1 (Cub 
Domain Containing 

Protein 1)

K Q S R K F V P (He Y, et al., 2010; Casar B, et 
al., 2012)

Note: The table listed the cutting sites (P1-P1’) and extended sequences from P4 to P4’. For example, in the Fibrinogen α chain (the second row after 
Consensus), two regions are being cleaved by Plm, which are KNNK∣DSHS, and ANNR∣DNTY. The Consensus row is the summary of the consen-
sus cleavage sites

In the following, we further summarized the substrate specificity of Plm 
described above.
• P4 Lysine (K), Valine (V), Norleucine (Nle), Isoleucine (I), or phenylalan-
ine (F) (Backes BJ, et al., 2000; Poreba M, et al., 2018).
• P3 Valine (V), Glycine (G), Threonine (T), Arginine (R), or other variety 
of amino acids (Hervio LS, et al., 2000)
• P2 Tyrosine (Y), Phenylalanine (F), or Tryptophan (W) (Aromatic 
hydrophobic) (Backes BJ, et al., 2000; Hervio LS, et al., 2000; Gosalia DN, 
et al., 2005) 
• P1 Arginine (R) or Lysine (K) (Backes BJ, et al., 2000; Hervio LS, et al., 
2000; Gosalia DN, et al., 2005)
• P1’ Arginine (R), Lysine (K), Serine (S), or Glycine (G) (Hervio LS, et 
al., 2000)
• P2’ Arginine (R), Lysine (K), or Glycine (G) (Hervio LS, et al., 2000)
Pathological deficiency of Plg and Plm: Besides genetic defects, Plg defi-
ciency during PA treatment is also a serious medical problem, which can 
decrease or terminate the therapeutic efficacy. Unfortunately, there are 
currently no FDA-approved alternative drugs to PA treatment for con-
ditions such as ischemic stroke, myocardial infarction, peripheral artery 
embolism, deep vein thrombosis, and other conditions caused by throm-
boembolism. For example, during thrombolytic therapy with high doses 
of tPA, uPA, or SK, there is a depletion of Plg that may terminate the ef-
ficiency of the thrombolytic drugs (Andrew M, et al., 2000; Latallo ZS,, et 
al., 1979; Wenzel E, et al., 1980). On the other hand, it has been shown in 
an animal model that the administration of Plg has restored the throm-
bolytic potential (Lijnen HR, et al., 1996). In addition, decreased levels of 
Plg or Plm have been shown in several clinical conditions, including dis-
seminated intravascular coagulation (Chesterman CN, 1978; Soria J, et al., 

1978), sepsis  (Gallimore MJ, et al., 1980; Smith-Erichsen N, et al., 1982), 
leukemia (Sutor AH, 1979), hyaline membrane disease (Markarian M, et 
al., 1967), liver disease (Biland L, et al., 1978), lung fibrosis (Bauman KA, 
et al., 2010), and Alzheimer’s Disease (Dotti CG, et al., 2004; Jacobsen JS, 
et al., 2008; Ledesma MD, et al., 2000; Periz G and Fortini ME, 2000). As a 
result, protein augmentation therapeutics with Plg and Plm based design 
may advance the field in many medical areas.
However, as described above, in the serum, the activity of Plm is immedi-
ately neutralized by its principle inhibitor, α 2-Antiplasmin (α 2-AP). Ac-
cordingly, one of the major hurdles in the application of Plm-based direct 
thrombolytic therapeutics is the decreased efficacy due to α 2-AP inhib-
ition. Therefore, in developing Plm-based therapeutics, it is desirable to 
design strategies to escape or overcome inhibition by α 2-AP. Toward this 
direction, we have used a structure-based protein engineering strategy 
with the goal of increasing the catalytic activity of µ Plm, and at the same 
time, resisting α 2-AP inhibition. The following sections are descriptions 
of this approach, in which part of the results have been published (Yang D, 
et al., 2020). 
Crystal structures of Plg and Plm: Table 2 summarized the published 
structures of μ Plm, μ Plg, and full-length Plg. As shown in the table, the 
first high-resolution crystal structure of μ Plm/SK complex was published 
in 1998 (Wang X, et al., 1998), and almost at the same time, the structure 
of μ Plm/SAK/μ Plm was also published (Parry MA, et al., 1998). The full-
length native Plg structure was published in 2012 almost simultaneously 
in 2 papers (Law RH, et al., 2012; Xue Y, et al., 2012). Several structures of 
μ Plm-inhibitor complexes were published in the following years (Millers 
EK, et al., 2013; Law RH, et al., 2017; Swedberg JE, et al., 2018), adding 
the understanding of μ Plm enzyme-inhibitor interactions and helping in 
further drug design and development.  
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Structure-based design and selection of α 2-AP escape mutants: As de-
scribed above, the in vivo half-life of Plm is only 0.2 seconds (Wiman B, et 
al., 1978) because the activity of Plm is immediately neutralized by α 2-AP 
once free in the serum. The short serum half-life of Plm is designed by 
nature to avoid bleeding and other undesirable proteolytic reactions, such 
as cleavage of important protein molecules present in the blood but may 
hinder the thrombolytic drug development. To address this problem, we 
recently published a strategy, which is to design and select mutant μ Plm 
that can escape α 2-AP inhibition but also have good activity toward tar-
geting substrates (Yang D, et al., 2020). In order to design mutants capable 
of escaping inhibition, a three-dimensional structure of the μ Plm/α 2-AP 
complex is needed, which is currently not available. In order to solve the 
problem, we constructed a model for the complex structure according to 
the homologous structure of the trypsin-antitrypsin complex (Huntington 
JA, et al., 2000), using the crystal structures of μ Plm (PDB code: 1bml) 
(Wu HL, et al., 1987) and α 2-AP (PDB code: 2R9Y) (Law RH, et al., 2008) 
shown in Figure 2a. These two structures are then superimposed to the 
crystal structure of the Trypsin: antiTrypsin complex (Protein Data Bank 
Identification Code (PDB ID): 1OPH) (Dementiev A, et al., 2003). Figure 
2b is an expanded view of the overlay of the active site structures of μ Plm 
and trypsin, highlighting the catalytic triad of residues S741, H603, and 
D646 of Plm, with backbone root mean square deviation (rmsd) of 0.6 Å. 
The figure shows a closely fitted central structure of the two serine prote-
ases. Figure 2c displays a detailed view of the initial position of the catalytic 
reaction (the “suicide reaction”), where the active site serine (S741) of μ 
Plm assumes a pre-attacking pose to the backbone amide between R403 
and M404 of a2-AP. 

The molecular contact regions between µ Plm and α 2-AP are shown in 
Figure 3a. Because the crystal structure of α 2-AP (2R9Y) misses the C-ter-
minal residues, we used the I-TASSER server (Yang J and Zhang Y, 2015) 
to build the missing residues 465-491 (CTT shown in Figure 3a). Figure 
3b shows 6 loops in the contact surface of μ Plm, in addition to the autoly-
sis and 70-80 loops that may have direct contact with the modeled CTT 
structure. To experimentally map the contribution of individual residues 
to the complex formation, we changed each of the amino acid residues 
in the μ Plm loops into alanine (alanine scanning mutagenesis (Cunning-
ham BC and Wells JA, 1989). We made 54 alanine mutations, and 52 of 
them were expressed in E. coli as inclusion bodies, refolded, and purified. 
From kinetic data of the mutant proteins, we identified F587A as the most 
desirable mutant and performed saturation mutagenesis on the F587 pos-
ition. Interestingly, the α 2-AP resistant F587A mutant is consistent with 
published results showing that the same mutant is resistant to certain 
active-site small molecule inhibitors (Law RH, et al., 2017). Together we 
made a total of 73 mutant clones, 71 of these can be expressed and puri-
fied. Some of the results have been published. Table 3 listed the kinetic par-
ameters of the 9 most promising mutants selected from our mutagenesis 
results. In the table, we listed a column termed Kcat/Km*IC50 (Half-Max-
imal Inhibitory Concentration), which we defined as a mutant “escaping 
efficiency index”-the higher the index number, the better the mutant. The 
index number for F587A is 11.3, higher than any other mutants, except 
G739A, which is out of scale, and requires more detailed studies. Each of 
the mutant residues is labeled in the structures of Figure 3, which showed 
that 3 mutants are in contact with the modeled CTT (C-Terminal Tail) 
structure (R582A, M585A, K607A), and 5 are in contact with the reactive 

Table 2: Summary of PDB (Protein Data Bank) entries for Plasminogen and Plasmin

PDB ID Year published Title of publications Macromolecule name References
1BML 1998 Crystal structure of the catalytic domain of human 

Plasmin complexed with Streptokinase
μ Plm/SK (Wang X, et al., 1998)

1BUI 1998 The ternary microplasmin-Staphylokinase-micro-
plasmin complex is a proteinase-cofactor-substrate 

complex in action

μ Plm/SAK/μ Plm (Parry MA, et al., 1998)

1QRZ 1999 Crystal structure of the proenzyme domain of Plas-
minogen

μ Plg (Peisach E, et al., 1999)

1DDJ 2000 The human Plasminogen catalytic domain undergoes 
an unusual conformational change upon activation

μ Plg (Wang X, et al., 2000)

1L4D 2002 Effects of deletion of Streptokinase residues 48-59 on 
Plasminogen activation

μ Plm/SK-α domain (Wakeham N, et al., 
2002)

1RJX 2004 Characterization of Lys-698 to meet substitution in 
human Plasminogen catalytic domain

μ Plg-mutant (Terzyan S, et al., 2004)

4DUR 2012 The X-ray crystal structure of full-length human 
Plasminogen

Plg-full length (Law RH, et al., 2012)

4A5T 2012 Crystal structure of the native Plasminogen reveals 
an activation-resistant compact conformation

Plg-full length (Xue Y, et al., 2012)

3UIR 2013 The structure of human microplasmin in complex 
with textilinin-1, an aprotinin-like inhibitor from the 

Australian brown snake

μ Plm-inhibitor (Millers EK, et al., 2013)

5UGG 2017 X-ray crystal structure of plasmin with tranexamic 
acid-derived active site inhibitors

μ Plm-inhibitor (Law RH, et al., 2017)

6D40 2019 Highly potent and selective Plasmin Inhibitors based 
on the sunflower trypsin inhibitor-1 scaffold attenu-

ate fibrinolysis in plasma

μ Plm-inhibitor (Swedberg JE, et al., 
2018)

Note: The table summarized the published structures from the very first µ Plm/SK complex structure published in 1998, to the recently published µ 
Plm-Inhibitor structure in 2019. These structures are essential for our understanding of the proteolytic enzyme mechanisms and protein engineering 
efforts to create better therapeutics

 Vol 12, Issue 12, Nov  Dec, 2021



Systematic Review Pharmacy 

Lin X: Potential Medical Application of Plasmin-Based Therapeutics

3837

center loop structure of α 2-AP (F587A, S608A, R610A, E641A, P642A). 
F587A is the most promising escape mutant selected, with catalytic ac-
tivity and efficiency better than the WT (Wilms' Tumor gene) but highly 
resistant to α 2-AP inhibition. The possible molecular mechanism of the 
resistance based on Molecular Dynamic (MD) modeling and calculations 
have been described in our publication (Yang D, et al., 2020). The G739 
position is very close to the active site S741, and G739A has lower cata-
lytic efficiency toward the synthetic substrate, but kinetic data show that 
this mutant is completely avoided of inhibition by α 2-AP. These results 
opened new doors for further research toward the therapeutic develop-
ment of Plm-based drugs. The ultimate goal is to find engineered μPlm 
therapeutics that will be specific toward degrading a targeted pathogenic 
peptide substrate, but has no or much lower activity toward other untar-
geted substrates, through structure-based “directional engineering” of the 
enzyme (Yang D, et al., 2020).

Approved drug and clinical trials of µ Plm, Plg, and Plm: Currently, 
there are two approved Plm-based drugs, which are recombinant µ Plm 
(ocriplasmin) from Thrombogenics and native Plasminogen (Ryplazim) 
from ProMetic Biotherapeutics Inc. The trade name for ocriplasmin is 
Jetrea, which is a recombinant µ Plm from a Pichia yeast expression sys-
tem. The drug was approved by the US FDA for treatment of symptomatic 
vitreomacular adhesion on October 17, 2012 (FDA, 2012). The Ryplazim 
drug is a native Plasminogen purified from human serum, and has ob-
tained the US FDA approval (June 4, 2021 (Pfaeffle V, 2021)), which was 
based on a single open-labeled clinical trial of 15 adult and pediatric pa-
tients with Plasminogen deficiency type 1 (Shapiro AD, et al., 2018). Some 
of the major clinical trials cited from the clinicaltrials.gov site for µ Plm, 
Plg, and Plm are listed in Table 4.  

Figure 2: Stable complexes between µ Plm (highlighted in bright orange) and α 2-AP (highlighted in sky-blue) by homology modeling. The overall 
architecture of the µ Plm: α 2AP (2 Antiplasmin) complex is superimposed to the template Trypsin: α 1PI (Proteinase Inhibitor) (highlighted in 
white) crystal structure. Structural overlay of µ Plm and Trypsin with rmsd of 0.6 Å and illustration of the catalytic triad of residues S741, H603 
and D646. Detailed view of interaction profile in the active site, where the catalytic triad initiates the covalent reaction with the backbone amide 
between R403 and M404 of α 2-AP. The active site is stabilized by extensive hydrogen bonds with the side chain of key residue R403.

 Vol 12, Issue 12, Nov  Dec, 2021



Systematic Review Pharmacy 

Lin X: Potential Medical Application of Plasmin-Based Therapeutics

3838

Figure 3: Distinct mutational sites map onto the complex structure and contact interface. Possible secondary interaction between the disordered 
C-Terminal Tail (CTT, highlighted in cyan) of α 2-AP with the autolysis loop and 70-80 loops (highlighted in magenta) of Plm, interpreting the 
mutational effects of these two loops. The key mutations are shown in red stick and labelled accordingly. Illustration of the interfacial loops and 
their mutational effects surrounding the reaction site, where mutations on loops 1-3 (highlighted in lime green) exert moderate perturbation to 
the active site, with the exception of F587 (highlighted in the red stick). Mutations on loops 4-5 (highlighted in black) render the protein inactive, 
and mutations on other distant loops (highlighted in magenta) yield the desired perturbation

Table 3: Summary of key desired mutants

Loops Mutants Kcat Km Kcat/Km IC50 Kcat/Km × IC50
1 WT 1 1 1 1 1

E641A 0.7 0.6 1.1 1.6 1.8
K642A 1.6 0.7 2.2 1 2.2

2 K607A 2.9 0.9 3.3 1 3.3
S608A 2.2 1.2 1.9 1.2 2.3
R610A 1.6 1 1.6 1.7 2.7

3 R582A 2 1 2 1.6 3.2
M585A 2.3 0.8 3.1 1.2 3.7
F587A 2.6 0.9 2.9 3.9 11.3

4 G739A 0.6 4.9 0.1 ∞ ∞
Note: The table summarized the best mutants obtained from the alanine scanning mutagenesis data from reference (Millers EK, et al., 2013). All 
of the kinetic values of the mutants are expressed as relative to the µ Plm Wild-Type enzyme (WT, set to be 1), which has Kcat=442 (min-1) and 
Km=204 µM. Kcat/Km is the catalytic efficiency, and IC50 is the Inhibition of µ Plm by α 2-AP to half of the maximum activity. In the last column, 
Kcat/Km × IC50 represents an artificial value to define an “escaping efficiency index”. No inhibition ∞
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Table 4: Clinical trials of µ Plm, Plg, and Plm

No Phase Year Title of clinical trials Enzyme Clinical iden-
tifier

Refs

1 Phase 3 2008-2010 Non-surgical treatment of focal vitreomacular adhesion µ Plm NCT00798317/
NCT00781859

(Varma R, et al., 
2015)

2 Phase 2 2009-2011 Intravitreal microplasmin in relieving vitreo-macular 
adhesion in neovascular Age-related Macular Degenera-

tion (AMD)

µ Plm NCT00996684 -

3 Phase 2 2006-2010 Intravitreal Microplasmin Versus Sham Injection for 
treatment of patients with Diabetic Macular Edema 

(DME) (MIVI-II)

µ Plm NCT00412451 -

4 Phase 2 2007-2009 Intravitreal Microplasmin for treatment of patients with 
Vitreomacular Traction (MIVI-IIt)

µ Plm NCT00435539 -

5 Phase 2 2005-2008 Intravenous administration of microplasmin for treat-
ment of acute ischemic stroke

µ Plm NCT00123305 -

6 Phase 2 2006-2008 Intra-arterial Microplasmin administration in patients 
with Acute Intracranial Vertebrobasilar Artery Occlusion 

(MITI-IA)

µ Plm NCT00123266 -

7 Phase 2 2005-2009 Intra-arterial microplasmin administration in patients 
with acute Peripheral Arterial Occlusion (PAC)

µ Plm NCT00123292 -

8 Phase 3 2013-2015 A Phase III study of A01016 in subjects with symptomatic 
vitreomacular adhesion

µ Plm NCT01889251 -

9 Phase 3 2011-2016 Treatment for symptomatic vitreomacular adhesion 
including macular hole 

µ Plm NCT01429441 (Yu TM, et al., 
2018)

10 Phase 1 2014-2016 Plasminogen (Human) intravenous in adults and children 
with Plasminogen deficiency

Plg NCT02312180 -

11 Phase 2/3 2014-2018 Prometic Plasminogen IV infusion in subjects with hypo-
plasminogenemia

Plg NCT02690714 (Shapiro AD, et 
al., 2018)

12 Phase 2/3 2012-2020 Human Plasminogen eye drop in ligneous conjunctivitis 
Patients with Type I Plasminogen deficiency

Plg NCT01554956 -

13 Phase 2 2010-2016 A Study of Intra-thrombus Plasmin (Human) In Acute 
Peripheral Arterial Occlusion

Plm NCT01222117 (Comerota AJ, et 
al., 2019)

Note: The table summarized major clinical trials of Plm-based therapeutics listed on clinicaltrials.gov site with National Clinical Trail (NCT) Identi-
fier. Some of the references are published results, while the results of most of the trials are unpublished in the scientific literatures

Item numbers 1-9 listed in Table 4 are µ Plm clinical trials. Most of these 
trials were for vitreomacular adhesion or traction-related eye diseases, 
leading to the approved drug Jetrea. There were also three Phase 2 clinical 
trials for Acute Ischemic Stroke (2005-2008), Acute Intracranial Vertebro-
basilar Artery Occlusion (2006-2008), and Acute Peripheral Arterial Oc-
clusion (2005-2009). These trials were ended more than 10 years ago, but 
no further Phase 3 clinical studies have been reported.
Item number 10-11 are Plg clinical trials for protein augmentation therapy 
in congenital Plg deficiency. These trials lead to US FDA approval on June 
4, 2021. The Plg drug developed by Prometic Biotherapeutics is the first 
full-length, native Plg drug in the market.
The table also includes a Phase 2 trial of Acute Peripheral Arterial Occlu-
sion using native Plm isolated from human serum. The trial ended in 2016 
(2010-2016), and no further Phase 3 trial has been reported. 

RESULTS AND DISCUSSION
Potential use of µ Plm, Plg, and Plm therapeutics in cardiovascular 
diseases
One of the potential applications of Plg and Plm based therapeutics is for 
Peripheral Arterial Occlusion (PAO), either alone or in combination with 
PAs. PAO occurs when a clot blocks artery blood flow to a distant part of 
the body such as the legs, arms, feet, or hands. A classical early hallmark of 

PAO is “intermittent claudication” or leg pain during the sustained activity 
which subsides after rest. Continued restriction of blood flow ultimately 
leads to constant pains in the leg or limb even at rest, along with ulcers, 
tissue death, and gangrene. Ultimately it could result in limb amputation. 
PAO is the result of Peripheral Arterial Disease (PAD), in which athero-
sclerotic plaque build-up on the artery walls leads to obstructed blood 
flow, leading to ischemia in blood starved limbs of the body.
Since its introduction as an alternative treatment to open balloon throm-
bo-embolectomy in the 1990s, thrombolytic treatment for the acute arterial 
occlusive disease has matured in multiple directions. Current treatments of 
PAO include angioplasty, stents, and thrombolytic intervention with tPA 
(Activase®) or uPA (Abbokinase®) (Ebben HP, et al., 2019; Robertson I, et 
al., 2013). Catheter-Directed Thrombolysis (CDT) is the most successful 
treatment, but is still accompanied by major bleeding complications and 
other treatment failures (Ebben HP, et al., 2019; Robertson I, et al., 2013).
Treatment of Acute Myocardial Infarction (AMI) is fundamentally differ-
ent from PAO. First, the PAs do not dissolve blood clots themselves, but it 
generates active Plm from Plg to do so. While this can be effective in the 
dissolution of a thrombus in a small myocardial artery, difficulties arise in 
the dissolution of much larger thrombi in peripheral arteries and veins be-
cause the clots are long and retracted (Sabovic M, et al., 1989; Robbie LA, 
et al., 1996; Van-Loon BP, et al., 1992). Circulation is poor near these clots 
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so the supply of Plg substrate is insufficient. Consequently, systemically de-
livered PAs will not only have difficulty infiltrating the clot, but also there is 
insufficient Plg substrate to enable efficient dissolution of the clot (Sabovic 
M, et al., 1989; Robbie LA, et al., 1996; Van-Loon BP, et al., 1992). On the 
other hand, a Plm-based direct thrombolytic agent can be efficiently dis-
solve the clot by itself, avoiding the Plg substrate depletion problems that 
are encountered in the treatment of using PAs. Furthermore, once diffused 
into the serum, Plm activity will be immediately neutralized by α 2-AP, 
potentially avoiding bleeding side effects (Marder VJ, 2011). 
In vitro studies have pointed to some interesting functional differences be-
tween Plm, mPlm, and μ Plm. Functionally, μ Plm is distinguished from 
mPlm and Plm in its inability to specifically bind to fibrin; the fibrin bind-
ing resides in Kr1-Kr3 and Kr5 domains (Wiman B, et al., 1978; Thorsen S, 
et al., 1981; Komorowicz E, et al., 1998), which μ Plm lacks. While Plm and 
mPlm have similar catalytic rates in digesting fibrin, μ Plm is 6-fold slower 
than mPlm and 12-fold slower than Plm (Komorowicz E, et al., 1998). The 
half-life of Plasmin bound to the fibrin surface is estimated to be 2-3 orders 
of magnitudes longer than freely circulating activated Plasmin (Wiman B, 
et al., 1978). Once the fibrin bound Plm dissociates from the blood clot 
it becomes immediately accessible to its principle inactivator α 2-AP, and 
has a plasma half-life of only 0.2 seconds (Wiman B, et al., 1978). In vivo, α 
2-AP binds to specific lysine residues located in Kr5 and other Kr domains 
first and then the catalytic domain (Wiman B, et al., 1978; Christensen U, 
et al., 1996; Wiman B and Collen D, 1998). Through protein surface rec-
ognition around the active site pocket (Figure 2 and Figure 3 for structural 
modeling), α 2-AP can also directly bind to μ Plm, which has a relatively 
long plasma activity half-life of about 4 seconds compared to Plm (Figures 
3a and 3b).
Regarding to fibrin specificity, one must realize that Plm trapped into the 
clots resulting from Plg activation is different from Plm-based drugs in-
jected into the blood. The trapped Plm, as described above, binds to the 
inside of the fibrin network, and has an activity half-life of 2-3 orders of 
magnitude than free Plm (Wiman B, et al., 1978). In case of drug delivery, a 
large therapeutic dose of Plm-based drug needs to be delivered to solve an 
emergency situation, such as ischemic stroke and myocardial infarction, 
and it is unlikely that there is enough time to reach equilibrium to use the 
fibrin specificity to “target” the disease-causing thrombi and at the same 
time, to avoid α 2-AP inhibition. Practically, currently catheter-directed 
delivery is the main solution for fibrin targeting. We speculated that in this 
artificial emergency situation, fibrin specificity of the thrombolytic drug 
may not be as important as timing and quantity of delivered therapeutics 
in terms of drug efficacy. As an example, Nagai and coworkers (Nagai N, 
et al., 2003) compared local catheter-mediated delivery of serum-derived 
Plm, recombinant human μPlm isolated from the yeast P. pastoris, and 
recombinant tPA in efficacy of dissolution of thrombi in a rabbit extra-
corporeal loop thrombolysis model. All three molecules were effective at 
dissolving thrombi in a dose-dependent manner, with similar molar doses 
for Plasmin and μ Plm displaying similar efficacy of thrombus dissolution. 
Plm and μPlm did not result in bleeding at an extra-thrombus hemostatic 
stable plug far away from the site of infusion at the administered doses. tPA 
however, did cause bleeding at all concentrations at the extra-thrombus 
plug site. Thus μPlm, which lacks the kringle domains of Plm and therefore 
does not possess the extra-fibrin binding specificity, is as effective as Plm at 
a similar pharmacological dose (Nagai N, et al., 2003).  

Potential use of µ Plm and Plm therapeutics in Alzheimer’s Disease 
(AD) 
Alzheimer's Disease (AD) was first described by the German psychia-
trist Alois Alzheimer in 1901. AD is mainly characterized by extracellular 
plaques and intracellular neurofibrillary tangles. The extracellular plaques 
are primarily composed of β-Amyloid (Aβ) peptides, and the intracellular 
neurofibrillary tangles are composed of the cytoskeletal protein tau (Find-

er VH and Glockshuber R, 2007; Tiraboschi P, et al., 2004). Aβ is a mixture 
of the peptide from 38 to 43 residues, which is generated from β-Amyl-
oid Precursor Protein (APP) by the action of two proteases, β-secretase 
(Beta-Site Amyloid Precursor Protein Cleaving Enzyme: BACE-1) and 
γ-secretase. Results from the past research have supported the amyloid 
cascade hypothesis (Hardy J and Allsop D, 1991; Hardy J, et al., 1998; 
Selkoe DJ, 1991). This hypothesis proposes that the overproduction of Aβ 
peptides (mostly from genetic defect), or the failure to effectively clear this 
peptide (most of the sporadic AD cases), leads to AD through Aβ tox-
icity and amyloid deposition, which is also thought to be involved in the 
formation of neurofibrillary tangles (Hardy J and Selkoe DJ, 2002; Leiss-
ring MA, 2008; Selkoe DJ and Schenk D, 2003). As a result, therapeutic 
research toward the treatment of AD has mainly aimed at blocking pro-
duction, hindering aggregation, or enhancing the clearance of Aβ peptides 
(Citron M, 2004).  One of the earliest Aβ-based therapeutic applications 
was immunotherapy using Aβ peptide as a vaccine (Schenk D, et al., 
1999), although clinical toxicity has prevented further development of this 
strategy (Orgogozo JM, et al., 2003). Using antibodies to Aβ peptides as 
therapeutic agents have also been conducted in many clinical trials (Banks 
WA, et al., 2007; Dodel RC, et al., 2004; Du Y, et al., 2003; Prada CM, et 
al., 2007). However, with many clinical trial failures of anti-Aβ antibody, 
the amyloid hypothesis has been questioned (Cummings J, et al., 2019). 
The field, however, has gained a renewed optimism because of an appli-
cation and approval (7 June 2021) of aducanumab with the U.S. Food and 
Drug Administration (FDA) from Biogen Inc (Abbott A, 2019; Fillit H and 
Green A, 2021; Hern K, 2021; Johnson V, 2021; International ASD, 2021) 
and the FDA’s granting of Breakthrough Therapy designation for Eli Lilly’s 
donanemab in June 2021 based on a positive Phase 2 clinical trial (Abbott 
A, 2019; Fillit H and Green A, 2021; Hern K, 2021; Johnson V, 2021).
Since the discovery of β-secretase as a critical enzyme in Aβ formation 
(Hussain I, et al., 1999; Lin X, et al., 2000; Sinha S, et al., 1999; Vassar R, et 
al., 1999; Yan R, et al., 1999), the β-secretase inhibitor drug studies have be-
come a major field in AD drug development (Cole SL and Vassar R, 2008; 
Ghosh AK, et al., 2008). The field of γ-secretase inhibitor or modulator has 
also been an active area of AD drug development (Czirr E, et al., 2007 Har-
rison T, et al., 2004). More importantly, the realization of the importance 
of in vivo Aβ cleavage has opened a new door to develop clearance-based 
therapeutic applications (Leissring MA, 2008). 
In normal physiological conditions, the production of Aβ is counter-
balanced by its elimination via multiple interrelated processes acting in 
concert, including proteolytic degradation, cell-mediated clearance, active 
and passive transport out of the brain, as well as deposition into insoluble 
aggregates. Although each of these processes contributes to Aβ catabolism, 
research results emerged have shown that proteolytic degradation is a par-
ticularly important regulator of cerebral Aβ levels and, by extension, AD 
pathogenesis. Saido and colleagues were the first to examine Aβ degrad-
ation in the living animal (Cummings J, et al., 2019). Subsequent works 
have identified many different kinds of proteolytic enzymes involved in Aβ 
catabolism, including zinc-metalloproteases, cysteine proteases, and ser-
ine proteases (for review) (Leissring MA, 2008; Hersh LB, 2006; Leissring 
MA, 2006; Turner AJ and Nalivaeva NN, 2007; Wang DS, et al., 2006). All 
of these enzymes have potential therapeutic value for treating AD. How-
ever, of all the proteases that are directly involved in degrading Aβ in vivo, 
only μPlm has been extensively studied as a therapeutic drug (FDA, 2012; 
Varma R, et al., 2015; Chen F, et al., 2007; Fu JY, et al., 2007; Gandorfer A, 
2008; Quiram PA, et al., 2007; Rasmussen RS, et al., 2008; Sakuma T, et 
al., 2005; Sebag J, et al., 2007). Therefore, presently, developing Plm-based 
therapeutics is a practical choice among the Aβ degradation enzymes. 
Studies in cultured cells have shown that purified Plm significantly de-
creases the level of neuronal injuries induced by aggregated Aβ (Tucker 
HM, et al., 2002; Tucker HM, et al., 2000). In separate research, Ledesma et 
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al have not only shown that Plm degrades Aβ, converting it from the amyl-
oidogenic form to a non-amyloidogenic form, but have also shown con-
sistently that the level of Plm is reduced in brain tissues from AD patients. 
Published results have also shown that peripherally applied Aβ-containing 
inoculate induced cerebral β-amyloidosis (Eisele YS, et al., 2010), further 
implying that clearing peripheral Aβ can be as important as cerebral clear-
ance. 
As described above, native Plasmin-based therapeutics may not be effi-
cient enough for therapeutic application. However, a Plm-based escaping 
mutant may be selected such that it can specifically cleave and detoxify 
the β-Amyloid peptide, but at the same time, have low catalytic activities 
toward other common substrates such as fibrin, in addition to resisting α 
2-AP inhibition. The tailor-selected mutant Pm-based therapeutics may 
therefore have higher efficacy toward treating AD but with reduced side 
effects (Yang D, et al., 2020). 

Potential use of µ Plm, Plg, and Plm therapeutics in pulmonary fi-
brosis 
Reduced fibrinolysis due to Plm downregulation has been implicated in 
lung fibrosis (Bauman KA, et al., 2010; Shetty S, et al., 2008; Hattori N, et 
al., 2004; Marudamuthu AS, et al., 2015). It has been shown that mice with 
targeted deletion of the Plg gene have poor outcomes in pulmonary fibro-
sis conditions (Swaisgood CM, et al., 2000). It has also been shown that 
mice with overexpression of a PAI-1 developed impaired systemic Plg acti-
vation to Plm, resulting in a more severe lung fibrotic response following 
bleomycin injury than do littermate controls, and increased Plg activation 
has anti-fibrotic effects (Eitzman DT, et al., 1996). On the other hand, the 
Plg activation system is impaired in Idiopathic Pulmonary Fibrosis (IPF) 
(Chapman HA, et al., 1986; Kotani I, et al., 1985), further proving that the 
Plg activation system is critical for preventing the IPF disease. Direct evi-
dence of Plm acting in the lung fibrosis system has also been published 
(Okunishi K, et al., 2011).
In the COVID-19 section following, we will review some evidence of using 
Plg/Plm to treat lung fibrosis caused by SARS-CoV-2 infection. All these 
results clearly indicate that Plm-based therapeutic treatments could be ef-
fective for lung fibrosis, a devastating disease with no effective treatment 
currently. On the other hand, the major Plm inhibitor in the serum, α 
2-AP, has been shown to be a pro-fibrosis, mediated by several mechan-
isms (Kanno Y, 2015). Besides direct dissolving fibrins, neutralization of α 
2-AP by µ Plm may also have a therapeutic effect on lung fibrosis. 

COVID-19 caused systematic thrombosis and the potential use of µ 
Plm and Plm therapeutics
Severe acquired respiratory syndrome coronavirus-2 (SARS-CoV-2) has 
caused a worldwide pandemic of respiratory illness (Katneni UK, et al., 
2020; Singhal T, 2020). The characteristics of coronavirus disease 2019 
(COVID-19) associated coagulopathy are different from those that occur 
with severe fungal or bacterial-induced coagulopathy (Cao X, 2020; Moon 
C, 2020; Connors JM and Levy JH, 2020). Characterized by organ failure 
in patients of COVID-19 caused by widespread microclots in capillaries 
(Marietta M, et al., 2020), an immune-triggered coagulopathy and throm-
botic microangiopathy is frequently occurred (Merrill JT, et al., 2020), 
and many studies have shown that nearly 80 percent of people who die of 
COVID-19 have thrombosis in the lungs (Marietta M, et al., 2020; Merrill 
JT, et al., 2020; Iba T, et al., 2020). 
The coagulopathy of COVID-19 patients usually shows increased fibrin 
degradation products (D-dimers) and fibrinogen levels, but the platelet 
count and prothrombin time are initially normal (Merrill JT, et al., 2020; 
Iba T, et al., 2020). The high incidence of venous thromboembolism and 
the importance of treating with anticoagulant thromboprophylaxis has 
been stated in a guidance document for treating COVID-19 (Thachil J, et 
al., 2020). Numerous autopsy studies also discovered frequent deep vein 

thrombosis, such as a finding in that deep vein thrombosis occurs in 7 of 
12 COVID-19 patients and 4 of them in complicating pulmonary embol-
ism (Wichmann D, et al., 2020). Significantly lower levels of antithrombin 
and fibrinogen were seen at the late stage in non-survivors (Tang N, et al., 
2020). In a study of 449 severe COVID-19 patients, the 28-day mortality 
is negatively correlated with platelet count, and positively correlated with 
D-dimers and prothrombin time (Tang N, et al., 2020). Anticoagulant 
treatment with heparin has shown an improved prognosis for patients ad-
mitted to Intensive Care Units (ICU) (Tang N, et al., 2020). An association 
of elevated D-dimers with in-hospital death has been reported in a study of 
191 patients (Zhou F, et al., 2020). High levels of D-dimers and prolonged 
prothrombin time were also observed in ICU patients in another report 
(Huang C, et al., 2020).
In the advanced clinical stages of highly pathogenic human Coronavirus 
(hCoV), comorbidities are important factors in the occurrence of disease 
complications that often lead to death (Sanyaolu A, et al., 2020). The most 
common comorbidities of severe COVID-19 patients are reported to be 
diabetes, hypertension, malignancies, kidney dysfunction, and Chronic 
Obstructive Pulmonary Disease (COPD), all of which are characterized 
by chronic inflammation (Jain V and Yuan JM, 2020; Qiu P, et al., 2020). 
Blood flow abnormalities, endothelial dysfunction, hyperviscosity, and 
platelet activation caused by hypoxia, hypercoagulability, and immune re-
actions are the main factors that lead to thrombogenesis, and high doses 
of heparin therapy are usually applied in the treatment of COVID-19-in-
duced thrombosis (Ahmed S, et al., 2020). 
A common feature in patients with underlying diseases is elevated blood 
Plg levels (Ji HL, et al., 2020). Studies aimed at exploring new approaches 
both for early detection and for the treatment of severe COVID-19 patients 
can have a major impact on the fight against the disease. Herein, we high-
light evidences that support the potential role of the Plasminogen Activa-
tor/Plasminogen Activator Receptor (PA/PAR) system in the pathogenesis 
of COVID-19 associated pneumonia and Acute Respiratory Distress Syn-
drome (ARDS). A soluble form of uPAR could be a potential biomarker for 
the progression of the disease, and its level correlates with comorbidities 
associated with the death of COVID-19 patients (D’Alonzo D, et al., 2020). 
In a study involving 118 hospitalized COVID-19 patients, elevated levels of 
tPA and PAI-1 were found in COVID-19 patients and were associated with 
more severe respiratory conditions (Zuo Y, et al., 2020).
Targeting the dysregulated PA/PAR system may represent a therapeutic 
approach for the treatment of severe lung injury caused by SARS-CoV-2 
infections (Moore HB, et al., 2020). Several studies in animal models 
(Hardaway RM, et al., 1990; Stringer KA, et al., 1998; Liu C, et al., 2018) as 
well as a phase I clinical trial (Hardaway R, et al., 2001) support the use of 
PA to limit Acute Respiratory Distress Syndrome (ARDS) progression and 
reduce ARDS-induced death. COVID-19 induced ARDS could be caused 
by the presence of microthrombi (Borczuk AC, et al., 2020; McFadyen 
JD, et al., 2020), which could be treated with thrombolytic enzyme thera-
peutics. For example, tPA treatment had shown to decrease dead space 
ventilation in a study involving 15 COVID-19 patients (Orfanos S, et al., 
2020). Another case study of three severe COVID-19 patients who were 
treated with tPA was reported, all of them showed improvements in their 
respiratory conditions (Wang J, et al., 2020). In a study of 13 COVID-19 
patients, Plg inhalation treatment has been reported, showing improve-
ment in lung lesions and hypoxemia (Wu Y, et al., 2020). Three more case 
series with a total of eight cases of ARDS caused by COVID-19 are found 
benefitted from tPA administration (Wang J, et al., 2020; Christie DB, et al., 
2020; Choudhury R, et al., 2020). An anti-inflammatory drug UPARANT 
(Urokinase Receptor-Derived Peptide Inhibitor) has been reported to 
exhibit activities that regulate the uPA/uPAR system in animal models, 
showing a different mechanism from corticosteroids and nonsteroidal an-
ti-inflammatory drugs (Cammalleri M, et al., 2019). 
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The evidence clearly indicates a positive therapeutic effect for treating 
COVID-19 related systemic blood clotting with thrombolytic agents. The 
Plm-based thrombolytic therapeutics described in the following sections 
may provide alternative or better therapeutic options than PA-based thera-
peutics.
For comparison, a SARS coronavirus infection leads to lung fibrosis in late-
stages of severe patients (Zuo W, et al., 2009). Not surprisingly, Idiopathic 
Pulmonary Fibrosis (IPF) is a major risk factor for COVID-19, which in 
many cases can lead to long-term pulmonary fibrosis (Vasarmidi E, et al., 
2020; George PM, et al., 2020). The resulting lung fibrosis is related, or may 
be a result of virus-induced coagulation, because it has been implied that 
SARS-CoV-2 caused lung injury can lead to extravascular coagulation in 
the interstitial space and lung fibrosis (Schuliga M, et al., 2018; Fujii M, et 
al., 2000; Wygrecka M, et al., 2011). The fibrosis, at least in the initial stage, 
could be treated with Plm-based direct thrombolytic therapeutics. In fact, 
it has been shown in both animal model and initial clinical trials, that Plg 
supplementation may be a promising therapeutics for IPF treatment (Par-
ker J, et al., 2019).

FUTURE DIRECTIONS
In 2010 and 2011, Marder and Novokhatny published two review papers 
(Marder VJ, 2011; Marder VJ and Novokhatny V, 2010), describing the his-
torical perspective of thrombolytic therapies and suggesting a future direc-
tion. PAs have been dominated the thrombolytic therapy but the bleeding 
side effects are inherent and cannot be solved easily. According to Marder’s 
analysis (Marder VJ, 2011; Marder VJ and Novokhatny V, 2010), the future 
therapeutic direction should be Plm-based direct thrombolysis. Marder 
indicated that there are two major reasons for choosing Plm over PAs. 
First, Plm is the enzyme that dissolves fibrin, and Plm-based therapeut-
ics would be more efficient and can avoid the Plg depletion problems in 
certain clinical conditions. Second, with the maturation and advancement 
of Catheter-Directed Delivery Technology (CDT), Plm can be delivered 
directly into the blocking thrombi, and will be neutralized by α 2-AP once 
diffused into the serum, potentially avoiding the bleeding side effect. Since 

then, there have been many thrombolytic clinical trials using the CDT 
technology and Plm-based therapeutics, including trials listed in Table 4. 
The table showed Phase 2 clinical trials for Acute Intracranial Vertebro-
basilar Artery Occlusion and Acute Peripheral Arterial Occlusion. The 
latest of these trials was finished in 2009, but no further Phase 3 clinical 
trials have been reported after more than 10 years. Thus, after more than 
10 years of research and development since Marder’s review, it seems that 
the Plm or µ Plm-based direct thrombolytic therapeutics have not lived up 
to their theoretical expectations.
We speculate that the bleeding problems can still occur, even with cath-
eter-delivered Plm/µ Plm therapeutics. The paradox is, when using Plm 
or µ Plm as direct thrombolytics, the drugs need to reach enough concen-
tration to overcome α 2-AP inhibition before effectively dissolving blood 
clots. The normal plasma concentration of α 2-AP is about 1 μM (Collen 
D and Wiman B, 1978), therefore about 1 μM of Plm is required to neu-
tralize α 2-AP before thrombolytic therapy can be effective. Even in the 
case of locally catheter-directed delivery, the local concentration of Plm 
has to reach >1 μM to be therapeutically effective. The “overdosed” Plm 
may reach distant hemostatic plugs and dissolve them, causing systemic 
bleeding, as shown in Figure 4a. 
In the case of systemic clotting (Figure 4b), such as for treating large-scale 
clotting in many SARS-CoV-2 infections, systemic thrombolytic delivery 
using Intravenous (IV) injection is required. Severe bleeding side effects 
occur when PAs were used, and currently, there are no easy solutions 
(Ebben HP, et al., 2019; Robertson I, et al., 2013; Daley MJ, et al., 2015; 
Abraham P, et al., 2018). In the serum, Plg is at a concentration of about 
200 mg/L or 2 μM (Castellino FJ and Powell JR, 1981; Ganrot PO and 
Niléhn JE, 1968; Lijnen HR, et al., 2004), and for a person with 5 L of blood 
volume, >500 mg of Plm or 145 mg of μ Pm (1 μM serum concentration) 
is required to neutralize α 2-AP before can be effective to dissolve blood 
clots. Again, the required therapeutic doses of Plm may dissolve hemostat-
ic plugs and cause severe systemic bleeding, in addition to other damages 
caused by continued proteolytic activity. 

Figure 4: Schematic presentation of two possible actions of µ Plm and Plm when applied to a local and systemic blood clotting. In catheter-directed 
delivery of native Plm therapeutics, after dissolving the retracted blood clots such as in the case of peripheral arterial occlusion, the diffused Plm 
can still actively dissolve distant retracted hemostatic plugs if the applied Plm can neutralize α 2-AP and has a longer in vivo half-life, resulting 
in bleeding side effect. In acute systemic clotting, the newly formed clots are un-contracted (un-retracted) or “loose”, but the hemostatic plugs 
formed to protect the blood wall from bleeding are usually contracted (retracted) and “denser”. After neutralizing α 2-AP in the serum, excessively 
applied mutant µ Plm may quickly dissolve the loose clots in the serum but may not be able to dissolve the retracted hemostatic plugs because of 
the short in vivo half-life.     µ Plm/Plm;     Red Blood Cell (RBC);     Platelet;      Fibrin
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In a recent publication, Tutwiler V, et al. showed that fibrinolysis of un-
contracted (“loose”) clots are 4-fold faster than contracted clots (Tutwiler 
V, et al., 2019). This suggests a possibility of differentially dissolving un-
contracted clots and leaving contracted clots intact. We, therefore, propose 
a possible “hit and die” strategy, which is to engineering a short in vivo 
half-life version of thrombolytics (such as a E. coli expressed mutant μ Pm) 
in such a way that after dissolving the newly formed “loose” clots in acute 
systemic bleeding (Figure 4b, here the concentration of delivered μ Pm 
is “overdosed” to neutralize all of the protease inhibitors, and “transient” 
because of the very short in vivo half-life), the mutant μ Pm may die out 
or lost activity quickly and unable to dissolve the contracted or “dense” 
hemostatic plugs, avoiding bleeding side effect resulting from the con-
tinued activity of the present thrombolytic drugs. Even in the case of local 
delivery shown in Figure 4a, the in vivo “fragile” mutant μ Pm may be able 
to dissolve the immediately accessible clots, if enough active materials are 
delivered, and then die out or lost activity quickly after diffusing into the 
blood, avoiding bleeding side effect. Again, we’d like to stress that the def-
inition of the in vivo half-life here is the structural integrity of the enzyme 
in the blood, as already explained in the Introduction section.
In general, E. coli produced recombinant proteins have shorter in vivo 
half-life than mammalian-produced proteins (Du T, et al., 2019). The in 
vivo half-life of Ocriplasmin, a recombinant μ Pm drug produced from a 
Pichia yeast strain, has an elimination half-life (t1/2) ranging from 0.72 to 
7.07 hrs (Kotch L, 2012). It is well-known that post-translational modifi-
cations influence protein stability (Mittal S and Saluja D, 2015), and E. coli 
produced μ Pm may have shorter in vivo half-life because of the lack of 
post-translational modifications, such as phosphorylation at the S578 site 
(Wang H, et al., 1997). In addition, we have produced both wild-type and 
mutant forms of μ Pm from E. coli inclusion bodies (Yang D, et al., 2020), 
and have further tested different versions of the recombinant proteins in a 
mouse model of pulmonary embolism (Miao R, et al., 2010). 
On the other hand, native Plm may not fit the purpose because of its much 
longer in vivo half-life. In addition, recombinant full-length Plm has not 
been produced, excluding the possibility of further protein engineering. 
The in vivo half-life of Glu-Plg is about 2 days (Collen D, et al., 1975), 
and a reported Plm-α 2-AP complex has an in vivo half-life of about 4.5 
h (Chandler WL, et al., 2000). Therefore comparatively, E. coli produced μ 
Pm is a better starting enzyme for engineering a short half-life version of 
direct thrombolytic therapeutics.

CONCLUSION
Here we considered several aspects that may help to solve the long-stand-
ing bleeding problem in thrombolytic therapy. The primary goal is to 
engineering short in vivo half-life thrombolytics that can be effective in 
dissolving disease-causing blood clots but leave the protective hemostatic 
plugs intact. With the new thrombolytic therapeutics, we may selectively 
dissolve clots in the immediate delivery site (i.e. catheter tip-site) but leave 
the distantly retracted hemostatic plugs intact (Figure 4a shows a potential 
spatial differentiation of clot-dissolution between the targeted and protect-
ive clots). In addition, the new agents may differentiate clot “toughness”, 
and selectively dissolve newly formed “loose” clots but leave the retracted 
hemostatic plugs intact (Figure 4b shows a potential time differentiation of 
colt-dissolution between the newly formed “loose” clots and the protective 
retracted clots). 
Furthermore, we have selected and engineered a mutant μ Pm (F587A, 
Table 3) that has higher catalytic activity than the wild-type enzyme, and 
can partially escape α 2-AP inhibition (Yang D, et al., 2020), potentially 
requiring lower concentration for in vivo therapeutic effect. With deeper 
structure-based directional protein engineering, we may engineer an en-

zymatically more efficient, and shorter in vivo half-life version of mutants 
for the future development of a super-active but in vivo unstable “ideal” 
thrombolytics. Therefore, an important future direction of thrombolytic 
development may be based on a rational development of high-efficient, 
α 2-AP inhibition resistance, and short in vivo half-life E. coli produced 
recombinant mutant µ Plm therapeutics.
In addition, there may be broader application of the new theory on emer-
gency drug development. Instead of the traditional approach of developing 
more stable, longer in vivo half-life emergency protein drugs, a new direc-
tion may be to develop in vivo unstable, short half-life medicines to avoid 
toxic side effects. 
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