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Construction of Antibody Library and Production of
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Background: Thromboembolism can occur at any age, from infancy to adulthood. The genetic risk factors for thromboembolism in the Thai
population are protein C and protein S mutations. The diagnosis depends on the activity level of proteins in the plasma. Management of acute
thrombotic events in severe protein C deficiency typically requires replacement with protein C in the form of fresh frozen plasma or protein C
concentrate. At present, the measurement of protein C and protein S activities level is limited due to the cost and availability of the tests. Therefore,
it can take a lengthy time to determine protein C levels, resulting in a delay in treatment, especially in severe cases.

Objective: To create an antibody library on filamentous bacteriophage for generating antigen specific monoclonal antibodies and to produce
polyclonal antibodies specific to protein C.

Results: Recombinant protein C was constructed and produced from human embryonic kidney 293 cells. Protein C was used as an antigen to
immunize mice and rabbits. The antibody titers after final boosting immunization reached up to 50,000 in mice and 10,000 in rabbits. The phage
antibody library with a capacity of approximately 3x10° CFU was obtained from mice lymphocytes. Polyclonal antibodies were purified from
rabbit sera using affinity chromatography and achieved a yield of 2 mg/mL rabbit sera. The purified polyclonal antibodies were able to detect
protein C by immunoblotting and ELISA.

Conclusion: The present study demonstrated that polyclonal antibodies could be produced from immunized rabbits and the antibody library
obtained from immunized mice is beneficial for further isolation of monoclonal antibodies against protein C.
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Thromboembolism can occur at any age, from
infancy to adulthood. Genetic predispositions to
thromboembolism have been reported including factor
V Leiden, the prothrombin G20210A mutation and
protein C, protein S, and antithrombin deficiencies!?.
In Asian countries, the predominant genetic defects
affecting thrombosis are protein C and protein S
mutations®). Those genes are inherited as autosomal
recessive or dominant. The autosomal recessive
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pattern results in severe presentations during the
neonatal period, including purpura fulminans,
thrombosis of the retinal and abdominal veins and
arteries, and central nervous system thrombosis. The
autosomal dominant pattern results in thrombosis in
older age groups including the presentation of less
severe venous or arterial thrombosis®'".

Protein C deficiency is classified in two
types, Type 1, characterized by decreased plasma
concentrations of both protein C activity and antigen,
and Type 2, characterized by decreased protein C
activity but normal plasma concentrations of protein
C antigen. Type 1 protein C deficiency is the most
common, accounting for 80% of patients®'?.

The laboratory diagnosis of protein C deficiency
may require both activity assays and antigen
assays. The recommended initial test for protein
C deficiency is an activity assay, which may be
clotting time based or chromogenic assay, and if
the result was low, an antigen assays to measure
the level of protein C antigen using immunologic
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Table 1. Characteristics of developed methods to measure protein C

Method Capture/detection antibody ~ Sample volume (uL)  Limit of detection (pmol/L)  Assay time (hour) Author, year [ref.]

ECA Polyclonal 200 ND ND Comp PC, 1984 [19]
ECA Monoclonal 20 5 >300 Gruber A, etal,, 1992 [20]
ECA Monoclonal 200 27 26 Orthner CL, etal., 1993 [21]
ECA Monoclonal ND ND 75 Katsuura Y, et al., 1996 [22]
ELISA Monoclonal 10 1.8 5 Espana F, etal., 1996 [23]
ECA Monoclonal 25 0.6 18 Takazoe K, et al.,, 1999 [24]
ELISA Monoclonal 10 1.8 5 Espafia F etal,, 2001 [25]
ECA Monoclonal 100 5 3to 19 Liaw PCY, et al. 2003 [26]
ECA Monoclonal 50 14 28 Li W, etal, 2005 [27]
ELISA Polyclonal 10 5 8 Fernandez JA, et al., 2006 [28]
ELISA Monoclonal 10 1.7 4 Martos L, et al,, 2016 [29]

ECA=enzyme capture assay; ELISA=enzyme-linked immunosorbent assay; ND=no data

methods such as enzyme-linked immunosorbent
assays (ELISAs), radioimmunoassays (RIAs), and
electroimmunoassays can be considered to determine
the deficiency subtype.

Mild protein C deficiency corresponds to plasma
levels above 20 IU/dL but below the normal range.
Moderately severe deficiencies describe blood
concentrations between 1 and 20 IU/dL while severe
deficiencies yield levels of protein C that are below
1 IU/dL or are undetectable. Severe congenital
protein C deficiency usually presents during the
neonatal period with purpura fulminans, retinal vessel
thrombosis, cerebral stroke, and extensive venous
thromboembolism. On the other hand, patients with
protein C levels greater than 1% to 20% may present
purpura fulminans in infancy or extensive venous
thrombosis when elderly®.

The prevalence of protein C deficiency in the
population studied in Thailand was 1.99%, which
was higher than that in the Caucasian population?.
In addition, the common genetic mutation, reported
in the Thai population was R189W, which was
identified in 6% of the normal population!,
Therefore, the estimated incidence of autosomal
recessive disease is 1:10,000 in the population. In
addition, the physiologic low level of protein C in the
neonate during the first six months may contribute
to developing thrombosis in a patient with the
heterozygous mutation!>'9.

Replacement therapy together with anticoagulants
is crucial to treat severe thrombosis among patients
with severe protein C deficiency. Therefore, knowing
the level of protein C can guide the physician’s
decision for replacement therapy. The limitation
is that the test is not available in every hospital.
Therefore, the study aimed to develop monoclonal
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and polyclonal antibodies specific to protein C
to develop an immunological assay to use as a
screening test to detect a critically low level of protein
C@ILID_ Several assays to measure protein C using
monoclonal and polyclonal antibodies have been
developed. They differ in terms of method design, the
volume of sample needed to perform the assay, the
limit of detection, and the time required to develop
the assay (Table 1)1®,

Materials and Methods
The present study was conducted between
October 1, 2021 and September 30, 2022.

Producing recombinant protein C antigen

The human PROC gene encoding a 461 amino
acid polypeptide chain (Uniprot accession number
P04070) was introduced to HindIII restriction sites
at 5’ end of gene and FLAG tag followed by BstBI
restriction sites at the 3° end of the gene. Genetic
codons of amino acids coded were optimized by
changing to synonymous codons frequently used by
human cell line for increasing the expression levels.
The optimized sequence was chemically synthesized
by Gene Universal (Newark DE, USA). The synthetic
gene was digested with HindIIl and BstBI and
was ligated to the modified plasmid pcDNA™3.4
expression vector (Thermo Fisher Scientific, USA),
which was digested by the same restriction enzymes,
using T4 DNA ligase (Promega, USA) to generate
the recombinant plasmid pcDNA™3.4-PROC vector.
The Escherichia coli TOP10 was used to transform
the pcDNA™3 . 4-PROC vector. The transformants
were selected by screening the colonies on 2xYT
medium containing ampicillin (100 pg/mL). Then
colonies were further analyzed by PCR and the
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plasmid was extracted using the QIAprep® Miniprep
Kit (Qiagen, Germany) according to the manufacturer
instruction. The PROC gene in the recombinant
plasmid vector was verified the sequence by the
Sanger method using the BigDye™ Terminator v3.1
Cycle Sequencing Kit (Thermo Fisher Scientific,
USA) according to manufacturer protocol and
analyzed using an ABI PRISM® 3500xL Genetic
Analyzer (Thermo Fisher Scientific, USA).

The FreeStyle™ 293-F cells (Thermo Fisher
Scientific, USA), which were derived from human
embryonic kidney 293 (HEK293) cell line, were
used to express recombinant protein C by transiently
transfection. Briefly, the cells were cultured with
HyClone™ SFMTransfx-293 medium (Cytiva, USA)
at 37°C with an orbital shaking at 125 rpm in 5%
CO: incubator. The culture at cell density of 1x10°
cell/mL was transfected with recombinant plasmid
pcDNA™3 . 4-PROC vector using FectoPRO®
transfection reagent (Polyplus®-transfection,
France) at a ratio of 1 pg plasmid DNA to 1.5 pL of
transfection reagent according to the manufacturer
protocol. The transfected cells were harvested
three days post-transfection by centrifugation at
1,800 x g for 10 minutes and passed through a
Microfluidizer® M-110P (Microfluidics, USA) at
4,000 psi.

The expressed protein was purified from cell
lysate using ANTI-FLAG® M2 Affinity Gel (Sigma-
Aldrich, USA), washed with TBS and eluted with
0.1 M Glycine-HCL pH 3.5, then neutralized with
1 M Tris-HCI. The purified fractions were dialyzed
against PBS and concentrated using an Amicon®
Ultra Centrifugal Filter with 10 kDa MWCO
(Merck Millipore, USA) and the concentration was
determined using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, USA) according to the
manufacturer instruction. The purified protein was
analyzed by 12% SDS-PAGE on Mini-PROTEAN®
3 Cell (Biorad, USA) and subsequently stained
with PageBlue™ protein staining solution (Thermo
Fisher Scientific, USA). Western blot analysis
was performed after transferring the protein on to
a nitrocellulose membrane by Mini-Trans-Blot®
Eletrophoretic Transfer Cell (Biorad, USA). The
membrane was reacted with monoclonal ANTI-
FLAG® M2-Peroxidase (HRP) antibody following
to the manufacturer protocol (Sigma-Aldrich, USA)
and the signal was detected using color development
with TMB substrates (Seracare Life Sciences,
USA).
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Generating antibody library specific to protein C
antigen

Mice immunization was performed at the
Laboratory Animal Center, National Institute of
Health. The animal protocol was reviewed and
approved by the Institute Animal Care and Use
Committee at the Department of Medical Sciences
(approval number 65-035). Two BALB/c mice
of six weeks of age, were immunized six times
by alternating subcutaneous and intraperitoneal
injections at two-week intervals with 20 ug of protein
C antigen emulsified with equal volume of Adju-
Phos® aluminum phosphate adjuvant (InvivoGen,
Hong Kong). Blood samples were collected before
the primary injection and one week after the fourth
injection to monitor the antibody titers by ELISA.
Two weeks after the sixth injection, each mouse was
intraperitoneally injected with 20 pg of protein C
antigen without adjuvant. Three days later, blood and
spleen cells were collected after this final injection
and a total RNA extraction was performed from
spleen cells using TRIzol™ Reagent (Thermo Fisher
Scientific, USA).

First-strand cDNA was synthesized from total
RNA using a SuperScrip®III First-Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, USA) with
random hexamers. Immunoglobulin variable heavy
chain (VH) and variable light chain (VL) genes were
amplified from cDNA by polymerase chain reaction
(PCR) using a library primer set which were designed
based on several publications and the IMGT®
database. All primary PCR reactions were carried
out using 16 separate VH primers and 13 separate
VL primers. PCR was performed in 50 pL volumes
containing 2 L of cDNA reaction mixture, 0.5 uM
of each primer, 200 uM of dNTPs, 1X QS5 reaction
buffer, and one unit of Q5 polymerase (New England
Biolabs, USA). Amplifications were carried out using
a ProFlex PCR System (Thermo Fisher Scientific,
USA) by the following protocol: initial denaturation
at 98°C for 30 seconds, followed by 30 cycles of
denaturation at 98°C for 10 seconds, annealing at
60°C for 20 seconds, and extension at 72°C for 20
seconds. The program followed by a final extension at
72°C for 2 minutes. The PCR products were analyzed
in 1.5% agarose gel in 1X TAE buffer and purified
from gel by QIAquick® Gel Extraction Kit (Qiagen,
Germany) according to the manufacturer instructions.
The scFv genes were assembled by overlap PCR using
VH and VL fragments as templates. PCR assembly
was performed in 100 pL volumes containing 10 ng
each of VH and VL. An initial denaturation at 98°C
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for 30 seconds, followed by 30 cycles of 98°C for
10 seconds, annealing plus extension at 72°C for 40
seconds and followed by a final extension at 72°C
for 2 minutes were performed.

The scFv genes were digested with Sfil and Notl
restriction enzymes (Thermo Fisher Scientific, USA),
agarose gel-purified, and ligated into the phagemid
vector pPCANTAB-5E (GE Healthcare, Sweden) that
had been cut with the same restriction enzyme. The
ligated products were transformed into E. coli TG1.
After transformation, cells were plated on 2xY T agar
containing 1% glucose, 100 pg/mL ampicillin and
incubated overnight at 30°C. All bacterial colonies
were scraped off the plates into 2xYT medium and
infected with bacteriophage M13 to a multiplicity
of infection (MOI) of 20. The culture was grown
overnight at 30°C in 2xYT medium containing 100
pg/mL ampicillin and 50 pg/mL kanamycin. A Phage
library was prepared using PEG/NaCl precipitation
and the concentration of bacteriophage virion was
measured by NanoDrop™ Spectrophotometers
(Thermo Fisher Scientific, USA).

Producing polyclonal antibody specific to protein C

New Zealand white rabbits of seven weeks of
age were used in the immunization and handled in the
Laboratory Animal Center at Thammasat University.
The animal protocol was reviewed and approved by
the Institutional Animal Care and Use Committee at
Thammasat University (approval number 028/2021).
Two rabbits were given a subcutaneous injection with
protein C antigen emulsified with equal volumes of
Adju-Phos® aluminum phosphate adjuvant. The
primary immunization was injected with the emulsion
containing 200 pg of antigen, followed by 100 pg
for five booster injection at two-week intervals. Test
bleeds were drawn before primary injection and one
week after the third injection to check the antibody
titers by ELISA. Terminal bleeds were collected
from cardiac puncture and the sera were separated
from blood by centrifugation at 2,000 x g for 10
minutes. The polyclonal antibodies were purified
from rabbit sera by Protein G Sepharose® Fast
Flow (GE Healthcare, Sweden). The Poly-Prep®
Chromatography column (Biorad, USA) was packed
with Protein G resin and equilibrated with binding
buffer containing 20 mM NaHPO. pH 7.0. The rabbit
serum was applied through the column and washed
with binding buffer. The bounded antibody was
eluted using 0.1 M citric acid pH 3.0, neutralized
immediately using 1.0 M Tris pH 9.0 and then
dialyzed against phosphate buffered saline (PBS).
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The purified antibodies were analyzed for purity
on 12% SDS-PAGE and subsequently stained with
PageBlue™ protein staining solution.

Determining specific antibody titer by ELISA

The specific antibody titers in all sera samples
were determined by indirect ELISA. The microplates
were coated with 100 pL of protein C antigen at a
concentration of 1 pg/mL in coating buffer (0.05 M
bicarbonate/carbonate buffer pH 9.6) and incubated
overnight at 4°C. The plates were washed three times
with PBST (PBS containing 0.05% Tween-20), and
then blocked with 200 pL of 3% skim milk (Merck,
USA) in PBS for one hour at room temperature. The
plates were washed again three times with PBST and
incubated with 100 uL serum sample at five different
dilutions between 1:100 and 1:100,000 for one hour at
room temperature. Non-immune serum was used as a
negative control. Following three washes with PBST,
plates were incubated with 100 uL diluted rabbit
anti-mouse/HRP conjugated or goat anti-rabbit IgG/
HRP conjugated at 1:2,000 dilution (Agilent Dako,
USA) for one hour at room temperature. The reaction
was developed by adding 100 pL TMB substrate
(Seracare Life Sciences, USA) for 30 minutes at room
temperature. Finally, 2N sulfuric acid was added to
stop the reaction, and the absorbance was determined
at 450 nm using an absorbance microplate reader
(Tecan’s Sunrise, Switzerland).

Statistical analysis

Microsoft Excel was used for statistical analysis.
The indirect ELISA method was used for the titration
of antibody then the mean of absorbance values for
positive and negative results were analyzed.

Results

The recombinant human protein C was expressed
as a soluble protein and slightly secreted in the
culture supernatant. Mainly, protein was purified
from cell lysate, and the yield obtained from anti-
FLAG affinity chromatography was 21.56 mg/L of
culture. The SDS-PAGE of protein obtained from
the chromatography showed a single protein band of
approximately 62 kDa, corresponding to the human
protein C precursor (Figure 1).

The immunization of BALB/c mice with protein
C antigen elicited antibody titers up to 50,000 after
the fourth injection and maintained this level until
final immunization at the seventh injection (Figure
2), and the spleens were collected after the final
injection. RNA extracted from B-lymphocytes
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Figure 1. SDS-PAGE and Western blot analysis of recombinant
protein C, (A) The expressed protein from cell pellet and cell
culture medium was separated on 12% acrylamide gel under
reduced condition. (B) Western-blot analysis with monoclonal
antibody specific to FLAG tag of the protein, (C) The purified
protein was separated on 12% acrylamide gel under reduced
conditions. M: PageRuler™ Prestained Protein Ladder (Thermo
Fisher Scientific, USA), Lane 1: cell pellet, Lane 2: cell culture
medium, Lane 3: purified protein.

5.000 4
-0-BALB/c No.1 (4th immunized)
~-BALB/c No.2 (4th immunized)
4.000 4 . .
E -B-BALB/c No.l (7th immunized)
§ -4+-BALB/c No.2 (7th immunized)
;3 3.000 1 =¢BALB/c No.1 (Pre-immune)
<
2 “¥%BALB/c No.2 (Pre-immune)
=3
2 2.000 -
<
1.000 -
0.000
1:100 1:1,000 1:10,000 1:50,000 1:100,000
Dilution

Figure 2. Determination of antibody titer from mice sera by
ELISA. The sera samples at different dilutions were reacted
with 0.1 pg of the purified recombinant human protein C.
Antibody titer is defined as the highest dilution of sera corre-
sponding to an absorbance equal to at least two-fold the value
of pre-immune serum. Values in the figure were the means+SD
(n=2).

was converted to cDNA and used as a template to
amplify the immunoglobulin VH and VL genes.
The PCR products showed that all 16 VH families
and 13 VL families were successfully amplified and
linked together in the scFv antibody genes (Figure 3).
The library of scFv antibody genes was cloned
in the pCANTAB-5E phagemid vector and then
transformed to E. coli TG1. A total of 3.1x10° CFU
was obtained, and phage rescue of all transformed
cells was performed simultaneously. The number
of phages rescued was estimated to be 1x10'* PFU,
and the library size was calculated to possess 3.1x107
members.

The polyclonal antibody was produced in New
Zealand white rabbits by immunization with protein
C antigen. The highest antibody titers against protein
C after final booster immunization were 10,000
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Figure 3. Construction of the scFv antibody library genes.
(A) PCR amplification products of immunoglobulin VH genes
from cDNA of mouse lymphocytes. M: 100 bp DNA ladder
(Bio-Helix, Taiwan), H1-H16: PCR products from each VH
family. (B) PCR amplification products of immunoglobulin VL
genes from cDNA of mouse lymphocytes. M: OneMARK 100
DNA ladder (Bio-Helix, Taiwan), L1-L16: PCR products from
each VL family. (C) PCR amplification product of scFv genes
by PCR assembly. M: OneMARK 100 DNA ladder (Bio-Helix,
Taiwan), scFv: assembled scFv genes, H: pooled VH genes, L:
pooled VL genes.
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Figure 4. Determination of antibody titer from rabbit sera by
ELISA. The sera samples at different dilutions were reacted
with 0.1 pg of the purified recombinant human protein C.
Antibody titer is defined as the highest dilution of sera corre-
sponding to an absorbance equal to at least two-fold the value
of pre-immune serum. Values in the figure were the means+SD
(n=2).

(Figure 4). Whole blood from two rabbits was
collected after the final booster immunization. A
total 34 mL of serum was separated from the blood
sample by centrifugation. The polyclonal antibody
was purified using protein G affinity chromatography
with a yield of 2 mg total IgG antibody from a starting
volume of 1 mL rabbit serum. The purified polyclonal
antibody appeared molecular mass of 55 kDa and 25
kDa on SDS-PAGE corresponding to the heavy and
light chains of IgG antibody, respectively (Figure 5).

Discussion

Protein C, a vitamin K-dependent glycoprotein,
is synthesized by the liver as a single-chain precursor
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Figure 5. SDS-PAGE of purified total IgG polyclonal antibody
from New Zealand white rabbit (NZW) sera. M: PageRuler™
Prestained Protein Ladder (Thermo Fisher Scientific, USA),
Lane 1 and 2: purified total IgG polyclonal antibody of NZW
No.1 and 2 respectively.

molecule. Protein C consists of 419 amino acids
in multiple domains containing one Gla domain,
a helical aromatic segment, two epidermal growth
factor (EGF)-like domains, an activation peptide, and
a trypsin-like serine protease domain. The precursor
molecule is an inactive protein becoming an active
protein when a dipeptide of Lys198 and Argl99
is removed and transformed to a heterodimer with
N-linked glycosylation. Then the protein has one
molecule of light chain (21 kDa) and one molecule of
heavy chain (41 kDa), connected by a disulfide bond
between Cys183 and Cys319. The inactivated form
circulates in the plasma in amounts of about 85% to
90%; activation of protein C occurs when a thrombin
molecule cleaves away the activation peptide!'>3?,

Based on the results of the present research
study, the engineered PROC gene can be designed
and synthesized to express recombinant protein C in
human cell lines. The authors selected HEK293 cell
lines for protein expression®". When the recombinant
vector containing the PROC gene was introduced in
HEK?293 cell lines using transient transfection, the
cells could produce recombinant protein C and secrete
it in the cell culture medium. However, recombinant
protein C also remained inside the cell. To obtain
more protein for the experiment, the cells were
lysed to retrieve more protein to purify. Although the
intracellular process is essential for the glycosylation
of proteins, the main structure of proteins could
still be preserved. The antigenic specificity of the
protein was confirmed in the present study using a
commercial monoclonal antibody specific to human
protein C before animal immunization.

The experiment successfully induced an antibody
response in mice and rabbits, similar to the related
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reports©®**?). The highest antibody titer was 50,000
in mice and lower in rabbits at a titer of 10,000. The
additional booster immunization could not increase
the antibody titer in mice and rabbits. As a result,
immunization should be stopped when the highest
antibody titer is obtained. The immunoglobulin genes
isolated from B-lymphocytes of mice covered all of
the immunoglobulin VH and VL families, resulting
in the diversity of the antibody library. The generated
antibody library could be used to further isolate
monoclonal antibodies specific to protein C.

To produce polyclonal antibodies, considering
antigen quality and quantity is important. The
specificity and high titer of the obtained antibody
against protein C depend on the purity of the injected
antigen and the immunization protocol with a suitable
adjuvant. The polyclonal antibody obtained in the
present study is applicable for use as a primary
antibody in enzyme immunoassays, western blots,
and immunostaining.

Conclusion

In summary, the present study was able to
produce recombinant protein C from human cell lines
and rabbit polyclonal antibodies specific to protein
C. Moreover, the antibody library was also generated
to facilitate the further isolation of monoclonal
antibodies.

What is already known on this topic?
Purified protein C antigen can be used to generate
antibodies specific to protein C in animal models.

What this study adds?

The antibody library obtained from
B-lymphocytes of mice is useful for isolating of
specific monoclonal antibodies and polyclonal
antibodies derived from rabbit sera can be used for
future development of antigen detection Kkits.

Acknowledgement

The authors would like to thank the Mahidol
University (Basic Research Fund: fiscal year 2022)
research grant and to Mr. Thomas McManamon for
English editing.

Conflicts of interest

The authors declare they have no conflicts of
interest.
References

1. Zoller B, Svensson PJ, Dahlbiack B, Lind-Hallden

] Med Assoc Thai | Volume 106 No. 6 | June 2023



10.

11.

12.

13.

14.

15.

16.

C, Hallden C, EIf J. Genetic risk factors for venous
thromboembolism. Expert Rev Hematol 2020;13:971-
81.

Macartney CA, Chan AK. Thrombosis in children.
Semin Thromb Hemost 2011;37:763-1.
Angchaisuksiri P, Atichartakarn V, Aryurachai K,
Archararit N, Rachakom B, Atamasirikul K, et al. Risk
factors of venous thromboembolism in Thai patients.
Int J Hematol 2007;86:397-402.

Huang SS, LiuY, Jing ZC, Wang XJ, Mao YM. Common
genetic risk factors of venous thromboembolism
in Western and Asian populations. Genet Mol Res
2016;15:15017644.

Sirachainan N, Chuansumrit A, Angchaisuksiri P,
Pakakasama S, Hongeng S, Kadegasem P. Venous
thromboembolism in Thai children. Pediatr Hematol
Oncol 2007;24:245-56.

Chalmers E, Cooper P, Forman K, Grimley C,
Khair K, Minford A, et al. Purpura fulminans:
recognition, diagnosis and management. Arch Dis
Child 2011;96:1066-71.

Goldenberg NA, Manco-Johnson MJ. Protein C
deficiency. Haemophilia 2008;14:1214-21.
Dinarvand P, Moser KA. Protein C deficiency. Arch
Pathol Lab Med 2019;143:1281-5.

Minford A, Brandao LR, Othman M, Male C, Abdul-
Kadir R, Monagle P, et al. Corrigendum to diagnosis
and management of severe congenital protein C
deficiency (SCPCD): Communication from the SSC
of the ISTH. J Thromb Haemost 2022;20:1735-43.
Sirachainan N, Sasanakul W, Visudibhan
A, Chuansumrit A, Wongwerawattanakoon P,
Parapakpenjune S. Protein C deficiency in Thai
children with thromboembolism: A report of clinical
presentations and mutation analysis. Thromb Res
2010;125:200-2.

Sirachainan N, Limrungsikul A, Chuansumrit A,
Nuntnarumit P, Thampratankul L, Wangruangsathit
S, et al. Incidences, risk factors and outcomes of
neonatal thromboembolism. J Matern Fetal Neonatal
Med 2018;31:347-51.

Griffin JH, Zlokovic BV, Mosnier LO. Protein C
anticoagulant and cytoprotective pathways. Int J
Hematol 2012;95:333-45.

Akkawat B, Rojnuckarin P. Protein S deficiency is
common in a healthy Thai population. J Med Assoc
Thai 2005;88 Suppl 4:5249-54.

Sirachainan N, Chuansumrit A, Sasanakul W,
Yudhasompop N, Mahaklan L, Vaewpanich J,
et al. R147W in PROC gene is a risk factor of
thromboembolism in Thai children. Clin Appl Thromb
Hemost 2018;24:263-7.

Sosothikul D, Seksarn P, Lusher JM. Pediatric
reference values for molecular markers in hemostasis.
J Pediatr Hematol Oncol 2007;29:19-22.

Toulon P. Developmental hemostasis: laboratory and
clinical implications. Int J Lab Hematol 2016;38 Suppl
1:66-77.

] Med Assoc Thai | Volume 106 No. 6 | June 2023

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Miiller FM, Ehrenthal W, Hafner G, Schranz D.
Purpura fulminans in severe congenital protein C
deficiency: monitoring of treatment with protein C
concentrate. Eur J Pediatr 1996;155:20-5.

Oto J, Fernandez-Pardo A, Miralles M, Plana E,
Espaiia F, Navarro S, et al. Activated protein C assays:
A review. Clin Chim Acta 2020;502:227-32.

Comp PC. Animal studies of protein C physiology.
Semin Thromb Hemost 1984;10:149-53.

Gruber A, Griffin JH. Direct detection of activated
protein C in blood from human subjects. Blood
1992;79:2340-8.

Orthner CL, Kolen B, Drohan WN. A sensitive and
facile assay for the measurement of activated protein C
activity levels in vivo. Thromb Haemost 1993;69:441-
7.

Katsuura Y, Mochizuki T, Tamura M, Hoshide S,
Kiyoki M, Nakagaki T, et al. Species specificity of
anticoagulant activity of activated human protein C:
involvement of factor V as well as protein S. Thromb
Res 1996;82:147-57.

Espana F, Zuazu I, Vicente V, Estellés A, Marco P,
Aznar J. Quantification of circulating activated protein
C in human plasma by immunoassays--enzyme levels
are proportional to total protein C levels. Thromb
Haemost 1996;75:56-61.

Takazoe K, Ogawa H, Yasue H, Sakamoto T, Oshima
S, Arai H, et al. Association of plasma levels of
activated protein C with recanalization of the infarct-
related coronary artery after thrombolytic therapy in
acute myocardial infarction. Thromb Res 1999;95:37-
47.

Espana F, Vaya A, Mira Y, Medina P, Estellés A, Villa
P, et al. Low level of circulating activated protein C is
a risk factor for venous thromboembolism. Thromb
Haemost 2001;86:1368-73.

Liaw PC, Ferrell G, Esmon CT. A monoclonal
antibody against activated protein C allows rapid
detection of activated protein C in plasma and reveals
a calcium ion dependent epitope involved in factor Va
inactivation. J] Thromb Haemost 2003;1:662-70.
LiW, Zheng X, Gu J, Hunter J, Ferrell GL, Lupu F, et
al. Overexpressing endothelial cell protein C receptor
alters the hemostatic balance and protects mice from
endotoxin. J Thromb Haemost 2005;3:1351-9.
Fernandez JA, Lentz SR, Dwyre DM, Griffin JH. A
novel ELISA for mouse activated protein C in plasma.
J Immunol Methods 2006;314:174-81.

Martos L, Bonanad S, Ramoén LA, Cid AR, Bonet E,
Corral J, et al. A simplified assay for the quantification
of circulating activated protein C. Clin Chim Acta
2016;459:101-4.

Padda IS, Patel P, Citla Sridhar D. Protein S and C. In:
StatPearls [Internet]. Treasure Island, FL: StatPearls
Publishing; 2023. PMID: 32491746.

Nigi I, Fairall L, Schwabe JWR. Expression and
purification of protein complexes suitable for
structural studies using mammalian HEK 293F cells.

618



Curr Protoc Protein Sci 2017;90:5.28.1-16.

32. Hanack K, Messerschmidt K, Listek M. Antibodies
and selection of monoclonal antibodies. Adv Exp Med
Biol 2016;917:11-22.

619

33. Zhang L, Castellino FJ. Generation of an antibody
with a designed specificity difference for protein C and
activated protein C. J Protein Chem 1989;8:471-80.

] Med Assoc Thai | Volume 106 No. 6 | June 2023



