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Advances of Kunitz-type serine protease inhibitors

Yunyang Liu, Shuai Jiang, Qian Li, and Yi Kong

School of Life Science and Technology, China Pharmaceutical University, Nanjing 211198, Jiangsu, China

Abstract:  Kunitz-type serine protease inhibitors are a class of ubiquitous protease inhibitors, which play important roles in
various life activities. The structures of such inhibitors are generally stable, and are usually characterized by the presence of
one or several Kunitz domains in tandem, which are able to bind to serine proteases in a manner similar to substrate binding,
thereby inhibiting enzyme activity. In terms of function, Kunitz-type serine protease inhibitors are involved in processes such
as blood coagulation and fibrinolysis, tumor immunity, inflammation regulation, and resistance to bacterial and fungal
infections. This article summarizes the advances of Kunitz-type serine protease inhibitors and provides new ideas for the
development of novel Kunitz-type serine protease inhibitors.
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Fig. 1 Structure of Kunitz domain. (A) Schematic representation of Kunitz domain inhibitor showing the disulfide
bonding pattern of C1-C6, C2-C4, C3-C5. (B) The primary structure of a typical Kunitz inhibitor BPTI. The red
triangle represents the a-helix, the light red rounded rectangle represents the B-sheet, the conservative cysteine residues
are highlighted in yellow, while the P1 position (Lys15) is in green. (C) Crystal structure of BPTI (PDB: 1BPI) showing
three disulfide bonds (in yellow), while the two anti-parallel p-sheets are in yellow and a-helix are in red !, (D) The P1
position (Lys15) has an extended side chain that plays a vital role in loop1.
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Fig. 2 The Kunitz-type protease inhibitor involved in blood coagulation homeostasis. (A) Amino acid sequence
alignment of different Kunitz inhibitors: BPTI, basic pancreatic trypsin inhibitor from Bos taurus (P00974); isoaprotinin
G1 (Q7M311); isoaprotinin G2 (S10063); TFPI2-KD1, first Kunitz domain of tissue factor pathway inhibitor (P48307);
PN2KPI, Kunitz domain of PN2 (1ZJD_B); isoinhibitor K (P00994); serum basic protease inhibitor (P00975)
boophilin-1, first Kunitz domain of boophilin (CAC82583). P3, P1, P1’, P18’ are highlighted by black arrows, two
loops are marked with short blue lines, and three pairs of disulfide bonds are connected by black lines. (B) Structure of
the FXla catalytic domain in complex with the KPI domain of PN2 (PDB: 1ZJD). The ribbon structure shown in blue is
the catalytic domain of FXIa, whereas the ribbon structure shown in purple is the KPI domain of PN2, and key amino
acids are shown in light green. (C) Primary structure of human TFPI. The three Kunitz domains are represented by green,
blue and red respectively. K1: Asp13-Arg78; K2: Glu92-Gly150; K3: Glul82-Lys241. The K1 domain is responsible for
inhibition of FVlla, the K2 domain binds to and inhibits F X a, and K3 does not have any inhibitory function but appears
to be involved in the binding of heparin-like substances.
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Table 1 Origins and properties of Kunitz type serine protease inhibitors involved in the blood coagulation homeostasis

Peptide/ Physical and

Organism . . . Enzymes inhibited References
protein chemical properties
Human PN2KPI 57 aa FXla (K;=0.81 nmol/L); trypsin (K;=0.03 nmol/L) [13]
Human TFPI My: 43 kDa FXa (Kp=20.2 nmol/L); TF-FVIla [17,19]
Bungarus fasciatus Fasxiator Mw: 7 kDa FXla (ICsp=1.5 umol/L); chymotrypsin [12,21]
Bungarus flaviceps Flavikunin ~ My: ~7 kDa Plasmin (1C5,=0.48 umol/L); trypsin [20]
Ixodes ricinus Ir-CPI - PK; FXlla; FXla [24]
Simulium vittatum Simukunin 83 aa, MW: 9.63 kDa FXla (IC5,=5.20 nmol/L); elastase (Kp=0.4 nmol/L, [25]
pl: 9.93 1Cs0= 4.90 nmol/L); FXa (Kp= 3.07 nmol/L)
Ixodes scapularis Ixolaris - FXa; FX [26]
Boophilus microplus  Boophilin Myw: ~6.5 kDa Thrombin; trypsin; plasmin [27]
Desmodusrotundus Desmolaris  My: 21.5 kDa FXla (Kp=0.63 nmol/L); FXa; kallikrein [28]
Eudiplozoon EnKT1 Mw: 10.12 kDa FXa; trypsin; plasmin; PK [31]
nipponicum pl: 8.3
Delonixregia AsTI Mw: 20 kDa PK; FXa [32]
Aschcia schweinfurthii DrTI PK; FXlla; FXla

var schweinfurthii
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Table 2 Origins and properties of Kunitz-type serine protease inhibitors involved in the anti-infection process

Peptide/ Physical and

Organism . . . Microorganisms inhibited Enzymes inhibited References
protein  chemical properties

Pseudostellaria PHTI Mw: 20.5 kDa Phytopathogens; Colletotrichum Trypsin [33]

heterophylla gloeosporioides; Fusarium oxysporum (Ki=3.01x10"° mol/L)

Enterolobium  EtTI Myw: 19 kDa C. albicans, C. buinensis; C. tropicalis ~ Trypsin [34]

timbouva seeds (K;=0.5 nmol/L)

Inga edulis IETI Myw: 19 kDa C. buinensis; C. tropicalis Trypsin [35]
(K;=6.2 nmol/L)

Paralichthys PoKspi Myw: 56.5 kDa Gram-negative; Gram-positive Trypsin [36]

olivaceus pl: 5.44

Hyriopsis HcKuPl  My: 9.5 kDa Gram-positive; Gram-negative Trypsin [37]

cumingii pl: 9.96

Silkworm BmSPI51 My: 6.03 kDa Candida albicans; Beauveria bassiana; - [39]

cocoon Saccharomyces cerevisiae
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Table 3 Origins and properties of Kunitz-type serine protease inhibitors involved in the process of inflammation

regulation
Organism Peptide/protein Mw Enzymes inhibited Activity References
Fasciola hepatica Fh-KTM ~10 kDa Neutrophil elastase Hydrolase [42]
Schistosoma mansoni SmKI-1 16 kDa  Neutrophil elasta (K;=56 nmol/L); Trypsin [43-44]
PK (Kj=112 nmol/L)

Schistosoma japonicum SIMHE1 - - Trypsin [45]
Boophilus microplus rBmTI-6 ~8 kDa  Trypsin (Ki=1.7 nmol/L) - [46]
Human Bikunin 43 kDa  Neutrophil elastase - [41]
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PP TE P, AN (] S P 5 i A 2 v i /b 58 i
KA, FTRESE ARAE i B B 2y W RE AR HEA T VAl
) R e
2.4 BB R ANIEHE

DAL R 20 JE 3 AR I A A i B R e RS .
ARk, A A AR I R R A TR R BT 25 W)
BT Iz AR

PN 5 22 TR A P I 4 57 Y B —  Kunitz
55 AL 40 JTF 20 A R PR TR ] R 1 A
(Hepatocyte growth factor activator inhibitor-1,
HAI-D)“ 50 TEPI-2U8T Bl a6 3 1 R4 A it e e
AT HEAEH

Ranasinghe 2N\ R % iy v 2 52 1 g — b A
R Kunitz B 22 2 8 5 U R ) Egkl-1. %43
TRER ZIH/N BRI P R OREAK, JFH
Xof Jiil B TE B 2B i, TR R A R0
Porite . b, EgKI-1 A8 & BT s itk 2 4%
SUR AL A AF R R IBACE, H T CD8™ T 4l
%R . EgKI-1 ANURT DAVE S BB 68 08 1 J i
SrEhWy, O RE LA B BBl S R 0 L TRy
J5 AR R T PE RN RS, — MR T AT 5
M2 o1, JE— L3 EgKI-1 KT i 1 Jf
1y o 2% BE 98 40 1% ML 1 T B X A ke e i 9 2
Yy T K A AL A BB . Amblyomin-X 2 i 4E i
e YR A SR 2 o S 1S 3 0 22 SRR AR 1 g

Hl PO Ry STIe B, e AT R R PR
TR S Tl D A0 ) 2 AR 5080 i o 4 i 2 11 g
(Matrix metalloproteinase, MMP) BB, 455
P b AT T TR 40 L A A% T KT I R A R M 40N
Amblyomin-X & A LIf# Bel-2 F i K Hiifk S
FEAMEE T . fERARFSYEAIH Amblyomin-X
VEFRVEA IR A R T, A A P e 4 0
TE /N EUSLL B g A5 50 v S 25 i A YL
BT Amblyomin-X 1 Sy —Ff 55T 54 1 LE BT I I8 254
B AT I R RTATF 72

VEZWT5E R, A Kunitz 22 5 B2 4 1 il
P 700 T BB — PP AR AT HI 34 1T BB 2 1) ok
Wi Yang ZFPSCH B b4y B Kunitz B 22 %R
ARG Sporamin, W] Y 55 T 40 i N 8 1 5
PG B A R 98 A1 A4 1) S 92 00, /) BRUASE 7R
Hr, Sporamin i 20 T HE I OB G iR 45
g Fn 5% Fang 250 o Z2 I 2B b 1o
K B —FOHr 1) Kunitz %8 8 1 B30 500 5y 44k
BT, %501 HA & AP0 HIV-1 3005 Sl 1
M CNE-1 161k, 25 M el )
Kunitz 722 52 & 2 A B0 570 A% e R A S5 1
#* 4,

i I IR L R Kunitz #0050, 5T
EAT S MR AR A AR EAE I OC R, X BUE 2
R IRELAR RS 1 5 )

* 4 SEMEREIERN Kunitz 2 24 SR & B B $1 7 89 KR FA 1% R

Table 4 Origins and properties of Kunitz-type serine protease inhibitors involved in tumor immune process

Organism Peptide/protein Mw Tumor model Enzymes inhibited References

Echinococcusgranulosus Egkl-1 - Breast cancer; Neutrophil elastase [49]
melanoma

Amblyommacajennense  Amblyomin-X 15 kDa Melanoma; pediatric Matrix metallo proteinases [50-52]
anaplastic ependymoma

Ipomoeabatatas Sporamin - Colorectal cancer; Liver B-catenin; vascular [53]
tongue carcinoma; endothelial growth factor
pancreatic cancer

Bauhinia variegata var.  BvvTlI 21 kDa Anti-HIV-1 reverse Trypsin (K=0.1x10"° mol/L); [54]

variegata transcriptase Chymotrypsin

(K;i=250.5x10"° mol/L)
Flowcytometry APPI-4M - Colon, gastric; lung; Kallikrein [55]

ovarian cancers
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. cjb@im.ac.cn



3996 ISSN 1000-3061 CN 11-1998/Q A4 T #2244 Chin J Biotech

25 HfbIhee

B 3R IHAE, De Medeiros 255854 p 2 i 7
Filr =~ 43 2 4l AL A5 20 JBE 2K 1 B A R pTTILpTTI
FHHPL TNFa 6P, REIE FRAK K B AR 52 5 1
A 5 S 9 1 2 AR R BT Liao Z5B%TA
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A AR A A A E AR B Kunitz B 2K
ZoaKuzl, i%Jy ¥ ] LAY 22 4 2 B 1k 8 e 18 1
JEVE B A T 1 2R AT PR A Ok 52 A M 42 T g
B % . Smith 2O 3 5 43 5 4l b T B A5 5 — Fb
58 kDa [ 45 & 15 FCH 22 S R 8 1 B i 570
A DU 5 22 00 AN R R R, R
KATIRE

3 Kunitz HLEREOBIHA LW
FEHR

MR R SR ) b BRI e R oy F — HoE 24
YT & B TR YT 1 B B UR . Kunitz 2549 38078
BT U AR T AR RO, ) FH s 1 A e
N BRI T V2 Kunitz 25880 £ ik, Hid
AL Z RO g E a2 R I B AR (Food
and Drug Administration, FDA) #t#fE i, Xt
25 1 B — > b 2 RK R ik B A ) R
Ecallantide™, %25 F 2009 4E3#t, M4 N
Kalbitor, FI7 Bz FIESE, AT 16 2L
FF AR A K i 2k & VR, Ecallantide i
ok W DR A JR TR R R BT ol B AR T B 2 3R A
H1 60 NZEILMRAL, A 3 X TN i, 5
N TFPI B FEER P HIAHZ2E 7 AN E IR, fES 5
JIRRR TG-S IR 2R G5, e L i 58T 3 1 ) A
1187472415297 N TE LU = e et 4 N e o
WOk, 1992 4F, Dunlevy %5 [ REF) I 12 K SR
FEARM BPTI ZEAR AR SC I Hh i 16 40 5 1 25 5 s vk
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4 REERE
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PRS2 Kunitz B2 B FXTa . 2R 1A%
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(1) Kunitz %1 22 ikt w2 v B 238 T TG M 404
X Z KRR AT 825 04 FXTa 400 i3 1 o A 15 bl
FINRIABHIRA , Kunitz 122 5 1R 5 H B )
FIFE B 25 S0k A ) 2 L, o A fik
T R B Z AR

REFERENCES

[1]

[2]

(3]

[4]

[5]

[6]

[7]

8]

[9]

s

Boon L, Ugarte-Berzal E, Vandooren J, et al.
Protease propeptide structures,
activation, and functions. Crit Rev Biochem Mol
Biol, 2020, 55(2): 111-165.

Leung D, Abbenante G, Fairlie DP. Protease
inhibitors: current status and future prospects. J Med
Chem, 2000, 43(3): 305-341.

Harish BS, Uppuluri KB. Microbial serine protease
inhibitors and their therapeutic applications. Int J
Biol Macromol, 2018, 107: 1373-1387.

Ranasinghe S, McManus DP. Structure and function
of invertebrate Kunitz serine protease inhibitors.
Dev Comp Immunol, 2013, 39(3): 219-227.

Wei XM, Yang JL, Yang JM, et al. A four-domain
Kunitz-type proteinase inhibitor from Solen grandis
is implicated in immune response. Fish Shellfish
Immunol, 2012, 33(6): 1276-1284.

Kunitz M, Northrop JH. Isolation from beef
pancreas of crystalline trypsinogen, trypsin, a

mechanisms of

trypsin inhibitor, and an inhibitor-trypsin compound.

J Gen Physiol, 1936, 19(6): 991-1007.
Mishra M. Evolutionary aspects of the structural

convergence and functional diversification of

Kunitz-domain inhibitors. J Mol Evolut, 2020, 88(7):

537-548.
Bendre AD, Ramasamy S, Suresh CG. Analysis of
Kunitz inhibitors from plants for comprehensive

structural and functional insights. Int J Biol
Macromol, 2018, 113: 933-943.
Moiola M, Memeo MG, Quadrelli P. Stapled

peptides—a useful improvement for peptide-based
drugs. Molecules, 2019, 24(20): 3654.

010-64807509

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Cohen 1, Coban M, Shahar A, et al. Disulfide
engineering of human Kunitz-type serine protease
inhibitors enhances proteolytic stability and target
affinity toward mesotrypsin. J Biol Chem, 2019,
294(13): 5105-5120.

Grzesiak A, Helland R, Smalas AO,
Substitutions at the P1’ position in BPTI strongly
affect the association energy with serine proteinases.
J Mol Biol, 2000, 301(1): 205-217.

Sheffield WP, Eltringham-Smith LJ, Bhakta V.
Fusion to human serum albumin extends the

et al.

circulatory half-life and duration of antithrombotic
action of the Kunitz protease inhibitor domain of
protease nexin 2. Cell Physiol Biochem, 2018, 45(2):
772-782.

Navaneetham D, Sinha D, Walsh PN. Walsh.
Mechanisms and specificity of factor Xl a and
trypsin inhibition by protease nexin 2 and basic
pancreatic trypsin inhibitor. J Biochem, 2010,
148(4): 467-479.

Navaneetham D, Wu WM, Li HB, et al. P1 and P2’
site mutations convert protease nexin-2 from a
factor Xla inhibitor to a plasmin inhibitor. J
Biochem, 2013, 153(2): 221-231.

Su YC, Miller TN, Navaneetham D, et al. The role of
factor Xla (FXIa) catalytic domain exosite residues
in substrate catalysis and inhibition by the Kunitz
protease inhibitor domain of protease nexin 2. J Biol
Chem, 2011, 286(36): 31904-31914.

Wu WM, Li HB, Navaneetham D, et al. The Kunitz
protease inhibitor domain of protease nexin-2
inhibits factor Xla and murine carotid artery and
middle cerebral artery thrombosis. Blood, 2012,
120(3): 671-677.

Vadivel K, Ponnuraj SM, Kumar Y, et al. Platelets
contain tissue factor pathway inhibitor-2 derived
from megakaryocytes and inhibits fibrinolysis. J
Biol Chem, 2014, 289(45): 31647-31661.

Petersen LC. Hemostatic properties of a TFPI
antibody. Thromb Res, 2012, 129(Suppl 2): S44-545.
Chowdary P. Anti-tissue factor pathway inhibitor
(TFPI) therapy: a novel approach to the treatment of
haemophilia. Int J Hematol, 2020, 111(1): 42-50.

. cjb@im.ac.cn



3998 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244k  Chin J Biotech

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Peterson JA, Maroney SA, Mast AE. Mast.
Targeting TFPI for hemophilia treatment. Thromb
Res, 2016, 141(Suppl 2): $S28-S30.

Chen W, Carvalho LP, Chan MY, et al. Fasxiator, a
novel factor Xla inhibitor from snake venom, and
its site-specific mutagenesis to improve potency and
selectivity. J Thromb Haemost, 2015, 13(2):
248-261.

Van Der Beelen SHE, Agten SM, Suylen DPL, et al.
Design and  synthesis of a multivalent
catch-and-release assay to measure circulating FXIa.
Thromb Res, 2021, 200: 16-22.

Kaur S, Devi A, Saikia B, et al. Expression and
characterization of Flavikunin: a Kunitz-type serine
protease inhibitor identified in the venom gland
cDNA library of Bungarus flaviceps. J Biochem
Mol Toxicol, 2019, 33(4): e22273.

Decrem Y, Rath G, Blasioli V, et al. Ir-CPI, a
coagulation contact phase inhibitor from the tick
Ixodes ricinus, inhibits thrombus formation without
impairing hemostasis. J Exp Med, 2009, 206(11):
2381-2395.

Al-Horani RA, Desai UR. Factor Xla inhibitors: a
review of the patent literature. Exp Opin Ther Pat,
2016, 26(3): 323-345.

De Paula VS, Sgourakis NG, Francischetti IMB, et
al. NMR structure determination of ixolaris and
X(a)
mechanism of Kunitz
134(8): 699-708.
Macedo-Ribeiro S, Almeida C, Calisto BM, et al.
Isolation, cloning and structural characterisation of
boophilin, a multifunctional Kunitz-type proteinase

reveals a noncanonical
Blood, 2019,

factor interaction

inhibition.

inhibitor from the cattle tick. PLoS ONE, 2008, 3(2):

el624.

Ma DY, Mizurini DM, Assumpc¢do TCF, et al.
Desmolaris, a novel factor Xla anticoagulant from
the salivary gland of the vampire bat (Desmodus
rotundus) inhibits inflammation and thrombosis in
vivo. Blood, 2013, 122(25): 4094-4106.

Pireaux V, Tassignon J, Demoulin S, et al.
Anticoagulation with an inhibitor of factors Xla and
Xlla during cardiopulmonary bypass. J Am Coll

http://journals.im.ac.cn/cjbcn

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Cardiol, 2019, 74(17): 2178-2189.

Al-Horani RA, Afosah DK. Recent advances in the
discovery and development of factor XI/XIa inhibitors.
Med Res Rev, 2018, 38(6): 1974-2023.

Jedlickova L, Dvordk J, Hrachovinova I, et al. A
novel Kunitz protein with proposed dual function
from Eudiplozoon nipponicum (Monogenea) impairs
haemostasis and action of complement in vitro. Int J
Parasitol, 2019, 49(5): 337-346.

Salu BR, Pando SC, Brito MV, et al. Improving the
understanding of plasma kallikrein contribution to
arterial thrombus formation using two plant protease
inhibitors. Platelets, 2019, 30(3): 305-313.

Cai XX, Xie XL, Fu NY, et al. Physico-chemical
and antifungal properties of a trypsin inhibitor from
the roots of Pseudostellaria heterophylla. Molecules,
2018, 23(9): 2388.

De Oliveira CFR, Oliveira CT, Taveira GB, et al.
Characterization of a Kunitz trypsin inhibitor from
Enterolobium timbouva with activity against
Candida species. Int J Biol Macromol, 2018, 119:
645-653.

Dib HX, De Oliveira DGL, De Oliveira CFR, et al.
Biochemical characterization of a Kunitz inhibitor
from Inga edulis seeds with antifungal activity
against Candida spp.. Arch Microbiol, 2019, 201(2):
223-233.

Xu X, Liu JX, Wang YJ, et al. Kunitz-type serine
protease inhibitor is a novel participator in
anti-bacterial and anti-inflammatory responses in
Japanese flounder (Paralichthys olivaceus). Fish
Shellfish Immunol, 2018, 80: 22-30.

Jin C, Liu XJ, Li JL. A Kunitz proteinase inhibitor
(HcKuPl) participated in antimicrobial process
during pearl induced the
overgrowth of calcium carbonate in Hyriopsis
Fish  Shellfish 2019, 89:

sac formation and
cumingii. Immunol,
437-447.

Li YS, Liu HW, Zhu R, et al. Protease inhibitors in
Bombyx mori silk might participate in protecting the
pupating larva from microbial infection. Insect Sci,
2016, 23(6): 835-842.

Zhang XL, Guo KY, Dong ZM, et al. Kunitz-type



A=A Z/Kunitz B SR EEBEIDHAIRSHE 3999

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

s

protease inhibitor BmSPI51 plays an antifungal role
in the silkworm cocoon. Insect Biochem Mol Biol,
2020, 116: 103258.

De Magalhdes MTQ, Mambelli FS, Santos BPO, et
al. Serine protease inhibitors containing a Kunitz
domain: their role in modulation of host
inflammatory responses and parasite survival.
Microbes Infect, 2018, 20(9/10): 606-609.

Lepedda AJ, De Muro P, Capobianco G, et al. Role
of the small proteoglycan bikunin in human
reproduction. Hormones (Athens), 2020, 19(2):

123-133.

Falcon CR, Masih D, Gatti G, et al. Fasciola
hepatica Kunitz type molecule decreases dendritic
cell activation and their ability to induce
inflammatory responses. PLoS ONE, 2014, 9(12):
e114505.

Ranasinghe SL, Fischer K, Gobert GN, et al.
Functional expression of a novel Kunitz type
protease inhibitor from the human blood fluke
Schistosoma mansoni. Parasit Vectors, 2015, 8: 408.
Ranasinghe SL, Duke M, Harvie M, et al.
Kunitz-type protease
candidate against schistosomiasis mansoni. Int J
Infect Dis, 2018, 66: 26-32.

Zhang WZ, Li L, Zheng Y, et al. Schistosoma
japonicum peptide SIJMHE1 suppresses airway

inhibitor as a vaccine

inflammation of allergic asthma in mice. J Cell Mol
Med, 2019, 23(11): 7819-7829.

Duran AFA, Neves LDP, Da Silva FRS, et al.
rBmTI-6  attenuates  pathophysiological and
inflammatory parameters of induced emphysema in
mice. Int J Biol Macromol, 2018, 111: 1214-1221.
Hong ZB, De Meulemeester L, Jacobi A, et al.
Crystal structure of a two-domain fragment of
hepatocyte growth factor activator inhibitor-1;
functional interactions between the Kunitz-type
inhibitor domain-1 and the neighboring polycystic
kidney disease-like domain. J Biol Chem, 2016,
291(27): 14340-14355.

Xu CD, Deng F, Mao ZH, et al. The interaction of
the second Kunitz-type domain (KD2) of TFPI-2

with a novel interaction partner, prosaposin,

010-64807509

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

the inhibition of the invasion and
migration of human fibrosarcoma cells. Biochem J,
2012, 441(2): 665-674.

Ranasinghe SL, Fischer K, Zhang WB, et al.
Cloning and characterization of two potent kunitz
type protease inhibitors from Echinococcus
granulosus. PLoS Negl Trop Dis, 2015, 9(12):
e0004268.

Schmidt MCB, Morais KLP, De Almeida MES, et al.
Amblyomin-X, a recombinant Kunitz-type inhibitor,
regulates cell adhesion and migration of human
tumor cells. Cell Adh Migr, 2020, 14(1): 129-138.
Boufleur P, Sciani JM, Goldfeder M, et al.
Biodistribution and pharmacokinetics of
amblyomin- X, a novel antitumour protein drug in
healthy mice. Eur J Drug Metab Pharmacokinet,
2019, 44(1): 111-120.

Maria DA, Will SEAL, Bosch RV, et al. Preclinical
evaluation of amblyomin-X, a Kunitz-type protease

mediates

inhibitor with antitumor activity. Toxicol Rep, 2019,
6: 51-63.

Yang C, Zhang JJ, Zhang XP, et al. Sporamin
suppresses growth of xenografted colorectal
carcinoma in athymic BALB/c mice by inhibiting
liver B-catenin and vascular endothelial growth
factor expression. World J Gastroenterol, 2019,
25(25): 3196-3206.

Fang EF, Wong JH, Bah CSF, et al. Bauhinia
variegata var. variegata trypsin inhibitor: from
isolation to potential medicinal applications.
Biochem Biophys Res Commun, 2010, 396(4):
806-811.

Sananes A, Cohen I, Shahar A, et al. A potent,
proteolysis-resistant inhibitor of kallikrein-related
peptidase 6 (KLK®6) for cancer therapy, developed
by combinatorial engineering. J Biol Chem, 2018,
293(33): 12663-12680.

De Medeiros AF, Costa IDS, De Carvalho FMC, et
al. Biochemical characterisation of a Kunitz-type
inhibitor from Tamarindus indica L. seeds and its
efficacy in reducing plasma leptin in an
experimental model of obesity. J Enzyme Inhib Med
Chem, 2018, 33(1): 334-348.

. cjb@im.ac.cn



4000 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244k  Chin J Biotech

[57]

(58]

[59]

[60]

Ribeiro JADNC, Serquiz AC, Silva PFDS, et al.
Trypsin inhibitor from tamarindus indica L. seeds
reduces weight gain and food consumption and
increases plasmatic cholecystokinin levels. Clinics
(Sao Paulo), 2015, 70(2): 136-143.

Liao QW, Gong GY, Poon TCW, et al. Combined
transcriptomic and proteomic analysis reveals a
diversity of venom-related and toxin-like peptides
expressed in the mat anemone Zoanthus natalensis
(Cnidaria, Hexacorallia). Arch Toxicol, 2019, 93(6):
1745-1767.

Smith SM, Melrose J. A retrospective analysis of
the cartilage Kunitz protease inhibitory proteins
identifies these as members of the inter-a-trypsin
inhibitor superfamily with potential roles in the
protection of the articulatory surface. Int J Mol Sci,
2019, 20(3): 497.

Lehmann A. Ecallantide

(DX-88), a plasma

http://journals.im.ac.cn/cjbcn

[61]

[62]

[63]

[64]

kallikrein inhibitor for the treatment of hereditary
angioedema and the prevention of blood loss in
on-pump cardiothoracic surgery. Expert Opin Biol
Ther, 2008, 8(8): 1187-1199.

Zuraw B, Yasothan U, Kirkpatrick P. Ecallantide.
Nat Rev Drug Discov, 2010, 9(3): 189-190.
Dunlevy FK, Martin SL, De Courcey F, et al.
Anti-inflammatory effects of DX-890, a human
neutrophil elastase inhibitor. J Cyst Fibros, 2012,
11(4): 300-304.

Attucci S, Gauthier A, Korkmaz B, et al. EPI-hNE4,
a proteolysis-resistant inhibitor of human neutrophil
elastase and potential anti-inflammatory drug for
treating cystic fibrosis. J Pharmacol Exp Ther, 20086,
318(2): 803-8009.

Mahdy AM, Webster NR. Perioperative systemic
haemostatic agents. Br J Anaesth, 2004, 93(6):
842-858.

(A3CT%  MITT)



