Received: 2 February 2023

Revised: 9 March 2023

Accepted: 11 March 2023

https://doi.org/10.1016/j.rpth.2023.100133

ORIGINAL ARTICLE

I . : eeeeee h & practice
in thrombosis & haemostasis

Evaluation of four commercial ELISAs to measure tissue factor

in human plasma

Ana T. A. Sachetto PhD* |

Sierra J. Archibald® | Ravi Bhatia MD? |

Dougald Monroe PhD' | Yohei Hisada PhD® | Nigel Mackman PhD?

1UNC Blood Research Center, Division of
Hematology, Department of Medicine,
University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina, USA

2Department of Medicine, School of
Medicine, University of Alabama at
Birmingham, Birmingham, Alabama, USA

Correspondence

Nigel Mackman, Department of Medicine,
116 Manning Drive 8004B Mary Ellen
Jones Building, University of North Carolina
at Chapel Hill Chapel Hill, NC 27599, USA.
Email: nmackman@med.unc.edu

Handling Editor: Henri Spronk

Abstract

Background: Under pathological conditions, tissue factor (TF)-positive extracellular
vesicles (EVs) are released into the circulation and activate coagulation. Therefore, it is
important to identify methods that accurately quantitate levels of TF in plasma.
Enzyme-linked immunosorbent assays (ELISAs) are a fast and simple method to
quantitate levels of proteins. However, there are several specific challenges with
measuring TF antigen in plasma including its low concentration and the complexity of
plasma.

Obijectives: We aimed to evaluate the ability of 4 commercial ELISAs to measure TF in
human plasma.

Methods: We determined the ability of 4 commercial ELISAs (Imubind, Quantikine,
Human SimpleStep, and CD142 Human) to detect recombinant human TF (Innovin)
(12.5-100 pg/mL), TF-positive EVs isolated from the culture supernatant from a human
pancreatic cancer cell line (57 pg/mL), TF in plasma containing low levels of EV TF
activity (1.2-2.6 pg/mL) from lipopolysaccharide-stimulated whole blood, and plasma
containing high levels of EV TF activity (151-696 pg/mL) from patients with acute
leukemia.

Results: The CD142 Human ELISA could not detect recombinant TF. Imubind and
Quantikine but not Human SimpleStep detected recombinant TF spiked into plasma
and TF-positive EVs isolated from the culture supernatant of a human pancreatic
cancer cell line. Quantikine and Imubind could not detect low levels of TF in plasma
from lipopolysaccharide-stimulated whole blood. However, Quantikine but not Imubind
detected TF in plasma from acute leukemia patients with high levels of EV TF activity.
Conclusion: Our results indicate that commercial ELISAs have different abilities to
detect TF. Quantikine and Imubind could not detect low levels of TF in plasma, but

Quantikine detected TF in plasma with high levels of TF.
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« Tissue factor (TF) in human plasma can be measured using activity- or antigen-based assays.

« We evaluated the ability of 4 commercial ELISAs to measure TF in human plasma.

« Two of the 4 ELISAs detected recombinant TF spiked into human plasma.

* One ELISA detected TF in plasma from leukemia patients with high levels of extracellular vesicle TF activity.

1 | INTRODUCTION
Tissue factor (TF) is the transmembrane receptor for factor (F) VII/
Vlla[1]. The TF-FVIla complex is a potent activator of the coagulation
protease cascade. TF is essential for hemostasis but can also cause
pathologic activation of coagulation. TF is not normally present in
blood. However, TF-positive extracellular vesicles (EVs) can be
released into the circulation from various cells, such as activated
monocytes and cancer cells, and can contribute to thrombosis and
disseminated intravascular coagulation [2,3]. Therefore, it is important
to establish assays that reliably and accurately quantitate levels of TF
in plasma. Activity-based assays are more sensitive than antigen-
based assays for measuring TF in plasma [4]. Another challenge with
antigen-based assays is that TF can be present in both active and
inactive forms [5]. Although the majority of TF in plasma and cell
culture supernatants is associated with EVs [6,7], an alternatively
spliced form of TF (asTF) can be expressed that is soluble but has low
procoagulant activity compared to full-length TF [8-10].
Enzyme-linked immunosorbent assays (ELISAs) are commonly
used to measure levels of protein in a variety of samples, including
plasma. In general, ELISAs that use monoclonal antibodies for capture
and detection are more specific than those that use a monoclonal
antibody for capture and a polyclonal antibody for detection. There
are several specific challenges with immunological quantitation of TF
in human plasma. These include the low concentration of TF, the

different forms of TF (full-length TF and asTF), use of an appropriate
standard, the specificity of the anti-TF antibodies used in the ELISAs,
and the presence of multivalent substances, such as heterophilic an-
tibodies, in plasma that can generate immunoassay signals indepen-
dent of the target protein by simply bridging assay antibodies [11-14].

The reproducibility of research is a concern. The National In-
stitutes of Health prepared a document describing the principles and
guidelines for reporting preclinical research (https://www.nih.gov/
research-training/rigor-reproducibility//principles-guidelines-reporting-
preclincal-research). It was recommended that for antibodies, the
dilution, source, and how they were validated should be included. The
International Working Group for Antibody Validation highlighted the
need for validating antibodies in common research applications [15].
Unfortunately, companies do not provide information on the anti-
bodies used in commercial ELISAs.

Several groups have developed in-house TF ELISAs to measure TF
antigen in plasma [16-22]. However, because these ELISAs are not
widely available, most investigators use commercial TF ELISAs to
guantitate levels of TF antigen in human plasma. Many studies have
used commercial TF ELISAs to quantitate TF-like antigen in plasma
from patients with a variety of diseases, including cardiovascular
disease, infection, inflammation, and various malignancies [20,23-27].
The most popular TF ELISAs are Imubind and Quantikine.

We and others have raised concerns about the ability of com-
mercial ELISAs to accurately quantitate levels of TF antigen in human
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plasma [21,28-32]. For instance, the Zymutest TF ELISA and Quan-
tikine ELISA failed to detect TF-positive EVs in plasma from either
lipopolysaccharide (LPS)-treated whole blood of healthy donors or
ovarian cancer patients that contained EV TF activity [28,29].

In this study, we evaluated the ability of 4 commercial TF ELISAs
to measure various forms of TF: recombinant human TF (Innovin), TF
in EVs isolated from the culture supernatant of a human pancreatic
cancer cell line, TF in plasma containing low levels of EV TF activity
(1.2-2.6 pg/mL), and plasma containing high levels of EV TF activity
(151-696 pg/mL).

2 | METHODS

2.1 | Commercial TF ELISAs

We tested 4 commercial ELISAs that have previously been used by
investigators to measure TF in human plasma: IMUBIND Tissue Factor
ELISA (BioMedica Diagnostics, Cat. #845, lot #210726), Tissue Factor
Quantikine ELISA (R&D Systems, Cat. #DCF300, lot #P299971), Hu-
man Tissue Factor SimpleStep ELISA (Abcam, Cat. #ab220653, lot
#70850C0014), and Tissue Factor (CD142) Human ELISA (Abcam,
Cat. #ab108903, lot #GR3410631-3). ELISAs were used according to
the manufacturer’s instructions. The standards provided in the kits
were used as calibrators for each kit. All ELISA kits list plasma as a
sample type. Imubind and Quantikine use a monoclonal antibody for
capture (precoated on the ELISA plates) and a polyclonal antibody for
detection. SimpleStep uses a new technology developed to make
ELISAs faster and more sensitive. Antibodies and sample were added
in solution and tagged-antibody-antigen complexes were captured
onto an ELISA plate using an antitag antibody. Imubind targets TF,
lipidated TF, and TF-FVIl. Quantikine and SimpleStep target full-
length TF (extracellular domain). CD142 does not specify the types
of antibodies and specific targets. Imubind states that “plasma samples
may have a higher background signal than other samples and that a
normal range for human plasma is not well-established yet.”

Innovin was diluted in sample diluent from the kits. Cancer cell-
derived EVs and EV-free supernatant were diluted 1:5 (for Imubind) and
1:2 (for Quantikine) in sample diluent from the kits. Plasma samples, EV-
free plasma, and plasma-derived EVs were diluted to the minimum
amount listed in the manufacturer’s directions (1:4 for Imubind, and 1:2 for
Quantikine, SimpleStep, and CD142). Samples were measured in duplicate
for Innovin, cell-derived EVs, and for plasma from LPS-stimulated whole
blood. Samples from patients with acute leukemia were measured in a
singlet because of the small amount of sample available.

2.2 |
Innovin

Measurement of the concentration of TF in

The concentration of TF in Innovin was determined by titrating known
concentrations of FVlla into a fixed concentration of Innovin. The rate

of substrate cleavage was plotted against the concentration of FVlla.
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The TF-FVIla complex cleaves the substrate more efficiently than
FVlla alone. When every FVlla molecule is bound to a TF molecule,
the rate of substrate cleavage stops increasing and the substrate
curve shows an inflection. The TF concentration is equal to the FVIla

concentration at the inflection point.

2.3 | Cell Culture

The human pancreatic cancer cell line HPAF-II expresses high levels of
TF [33] and was cultured in Minimum Essential Medium (Thermo
Fisher Scientific, Cat. #11095-080). The human acute leukemia cell
lines NB4 and HL-60 express high and low levels of TF, respectively
[34,35] (Hisada Y, May 2022, unpublished data). They were cultured in
Roswell Park Memorial Institute 1640 medium (Thermo Fisher Sci-
entific, Cat. #11875-093) and Iscove’s modified Dulbecco’s medium
(Thermo Fisher Scientific, Cat. # 12440053), respectively. Media
contained 10% (for NB4) and 20% (for HL-60) fetal bovine serum
(Omega Scientific, Cat. #FB-02) and 1% antibiotics-antimycotic
(Thermo Fisher Scientific, Cat. #15240-062).

2.4 | Plasma preparation
Whole blood was collected from 5 healthy volunteers from the ante-
cubital vein into sodium citrate tubes (BD, Cat. #366560) with a 21G
Safety-Lok Blood Collection Set (BD, Cat. #367281). The first 3 mL was
discarded to prevent contamination with TF from the vessel wall. All
donors gave consent for the collection according to a protocol (14-
2108) approved by the Institutional Review Board of the University of
North Carolina at Chapel Hill. Blood was centrifuged twice at 2500 g for
15 minutes at room temperature to obtain TF-negative platelet-low
plasma samples following the protocol created by the International
Society on Thrombosis and Hemostasis workshop [36]. A recent study
showed residual levels of platelets (5.1 x 10°-2.8 x 107 per mL) in
plasma prepared using this protocol [37]. A different aliquot of blood
from the same donors was stimulated with LPS (10 pg/mL, Sigma-
Aldrich, Cat. no. L2630) for 5 hours at 37 °C to obtain TF-positive
samples. Platelet-low plasma was prepared as described above.
Whole blood was collected from 6 acute leukemia patients into
EDTA at the time of diagnosis. Blood was centrifuged at 626 g for 5
minutes to generate platelet-poor plasma. All donors gave consent for
the collection according to a protocol (30008180) approved by the
Institutional Review Board at the University of Alabama at Birming-
ham. The transfer to the University of North Carolina at Chapel Hill
and measurement of TF was approved by the Institutional Review
Board of the University of North Carolina at Chapel Hill (21-0554).

2.5 | Isolation of EVs

HPAF-II cells were cultured in serum-free media for 24 hours and the

culture supernatant was centrifuged at 3220 g for 5 minutes at room
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temperature to preclear apoptotic bodies and cell debris. The super-
natant was added to a new tube and used for EV isolation. EVs were
isolated by centrifugation of 100 pL of cell supernatant at 20,000 g for
15 minutes at 4 °C. The EV pellets were washed in 1 mL of 1X
phosphate-buffered saline (PBS), centrifuged once more, and resus-
pended in 100 pL of PBS. The supernatant was removed after the first
centrifugation and placed in a separate tube and centrifuged at
100,000 g for 70 minutes to pellet the residual EVs. The supernatant
was removed, placed in a separate tube, and designated EV-free
supernatant.

Plasma EVs were isolated by centrifugation of 100 pL of plasma
at 20,000 g for 15 minutes at 4 °C. The EV pellet was washed in 1 mL
of 1X PBS, centrifuged once more, and resuspended in 100 pL using
each specific ELISA kit sample buffer. The supernatant was removed
and placed in a separate tube and centrifuged at 100,000 g for 70
minutes to pellet the residual EVs. The supernatant was removed,
placed in a separate tube and designated EV-free plasma. It should
be noted that we did not measure levels of EVs in either EV-free
culture supernatant or EV-free plasma. However, double centrifu-
gation of samples at 100,000 g for 70 minutes is a standard method
for isolating EVs [38,39].

2.6 | Western blotting

Western blotting for TF was performed as described previously [33].
Innovin (Dade Innovin, Siemens) was diluted in PBS. SDS sample
buffer (GenScript, Cat. #M00676-250) and p-mercaptoethanol were
added to Innovin (2.5% final concentration of B-mercaptoethanol).
Samples were heated at 95 °C for 10 minutes and loaded on gels (4%-
20% gradient, Mini-PROTEAN TGX gels, BioRad, Cat. #456-1093).
Innovin was added to 1, 2, 4, 8, 17, 35, 70, 140, 280, 560, and 1120 pg/
well. NB4 and HL60 cells were lysed in RIPA lysis buffer (Milli-
poreSigma, Cat. #20-188) containing a protease inhibitor cocktail
(Roche, Cat. 11697498001) and incubated on ice for 30 minutes.
Protein concentrations in the cell lysates were determined using the
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Cat. #23227).
SDS sample buffer and p-mercaptoethanol were added to the cell ly-
sates and 40 pg of protein were added per well. SDS sample buffer and
B-mercaptoethanol were added to 100 pL of EVs isolated from the cell
culture supernatant of NB4 and HL-60 cells. After running the gels,
proteins were transferred to polyvinylidene difluoride membranes
(MilliporeSigma, Cat. #IPFLO0010) and the membrane was blocked
with Pierce Protein-Free (PBS) Blocking Buffer (Thermo Fisher Sci-
entific, Cat. #37572) for 1 hour at room temperature. The membrane
was incubated with an anti-TF antibody as the primary antibody
(human anti-TF produced in goat, R&D Systems, Cat. #AF2339,
1:1000 in blocking buffer) and subsequently with an antigoat IgG-HRP
as a secondary antibody (antigoat IgG produced in donkey conjugated
with HRP, Jackson ImmunoResearch, Cat. #705-035-14, 1:5000 in
blocking buffer). Membranes were developed using chem-
iluminescence (SuperSignal West Pico PLUS Chemiluminescent Sub-
strate (Thermo Fisher Scientific, Cat. #34577) and proteins detected

using a ChemiDoc MP Imaging System (BioRad) and analyzed using
the software Image Lab 6.1 (BioRad).

2.7 | EV TF activity assay

EV TF activity was measured using an in-house FXa generation assay
[40]. Briefly, EVs were isolated from 100 pL of cell culture superna-
tants or plasma by centrifugation at 20,000 g for 15 minutes at 4 °C,
washed, centrifuged again, and resuspended in 100 pL of assay buffer.
Samples were incubated with an inhibitory antibody against TF (HTF-
1, BD Biosciences, Cat. #550252) or IgG control antibody (anti-IgG,
Sigma, Cat. #15381) to distinguish TF-dependent and TF-independent
FXa generation. After incubation with FVIla and FX, FXa generation
was measured using an FXa chromogenic substrate, Pefachrome FXa
8595 (DSM Cat. #085-27).

2.8 | Statistical analysis
Data are shown as mean + SD or individual values. The data were
analyzed using Prism version 9.4 (GraphPad Software, USA).

3 | RESULTS

3.1 | Measurement of recombinant TF using
commercial ELISAs

We determined the ability of commercial TF ELISAs to detect re-
combinant TF (Innovin). Innovin is a well-defined product and is used
for prothrombin time assays and as a standard in TF activity assays
[40,41]. First, we analyzed Innovin by western blotting. We observed
a strong ~40-kDa band (Figure 1), which is the expected molecular
weight of nonglycosylated TF [33]. We also observed a faint band at
~80 kDa, which is likely to be a TF dimer. TF is known to form di-
mers in reconstituted lipid vesicles [42-44]. The limit of detection of
Innovin by western blotting was 2 pg from the scanned blot
(Figure 1). The high TF-expressing human acute leukemia cell line
NB4 and the low TF-expressing human acute leukemia cell line HL-
60 were used as controls in the western blot. A band of ~50 kDa was
detected in the NB4 cell lysate, which corresponds to the size of
glycosylated TF (Figure 1). No TF was detected in the HL-60 cell
lysate.

Next, we evaluated the ability of 4 commercial TF ELISAs to
detect different amounts of Innovin (12.5-100 pg/mL). Three of the
ELISAs (Imubind, Quantikine, and SimpleStep) detected Innovin,
whereas the TF CD142 ELISA did not (Figure 2A-D). Interestingly, the
different ELISAs gave different values for a given amount of Innovin.
For Imubind, the amount of Innovin was higher than expected
(~175%), whereas Quantikine and SimpleStep only detected 50% and
10% of the Innovin, respectively (Figure 2A-D). Imubind and Quanti-
kine but not SimpleStep or CD142 also detected Innovin spiked in
human plasma (Figure 2E-H).
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FIGURE 1 Analysis of Innovin by western blotting. Recombinant (r) tissue factor (TF) (Innovin) was analyzed by western blot analysis (1-
1120 pg/lane). Cell lysates from a high TF leukemia cell line (NB4, 40 pg/lane) and a low TF leukemia cell line (HL-60, 40 ug/lane) and were used
as controls. An antihuman TF polyclonal antibody from R&D Systems (#AF2339) was used (1:1000 dilution in blocking buffer, final
concentration 0.2 pg/mL). The secondary antibody was used at a 1:5000 dilution in blocking buffer. Molecular weight (MW) standards are
shown. The position of rTF (non-glycosylated, ~40kDa) and TF (glycosylated, ~50kDa) are shown. The arrowhead indicates the position of a TF

dimer.

3.2 | Measurement of TF-positive EVs isolated from supernatant of HPAF-II cells contained a high level of TF activity (57

the cell supernatant of a human pancreatic cancer cell pg/mL) (Figure 3A).
line using commercial ELISAs Next, we determined the ability of Imubind and Quantikine to
detect TF in EVs isolated from HPAF-II cell culture supernatant. We
We have previously shown that the human pancreatic cancer cell line and others have shown that TF in cancer cell culture supernatants is
HPAF-I| expresses high levels of TF [7,33]. Therefore, we used HPAF- because of the presence of TF on EVs [3,7]. Both ELISAs detected TF
Il as TF-positive cell line. As expected, EVs isolated from the culture in EVs isolated from the culture supernatant of HPAF-II cells
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FIGURE 2 Measurement of recombinant tissue factor using different ELISAs. Different amounts of Innovin (12.5-100 pg/mL) were
measured using (A) Imubind ELISA, (B) Quantikine ELISA, (C) SimpleStep ELISA, and (D) CD142 ELISA. Different amounts of Innovin (12.5-100
pg/mL) were spiked into pooled human plasma and measured using (E) Imubind ELISA, (F) Quantikine ELISA, (G) SimpleStep ELISA, and (H)

CD142 ELISA.
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FIGURE 3 Measurement of tissue factor in extracellular vesicles isolated from cancer cell culture supernatant. Extracellular vesicles (EVs)
were isolated from a tissue factor (TF)-positive pancreatic cancer cell line (HPAF-II) by centrifuging 100 pL of cell culture supernatant at 20,000
g for 15 minutes at 4 °C. The pellet was resuspended in 100 pL of PBS. (A) TF activity was determined using a FXa generation assay. EV TF
antigen was determined using (B) Imubind ELISA, and (C) Quantikine ELISA.

(Figure 3B and C). The different ELISAs gave different values for the
HPAF-1I EVs: 45 pg/mL for Imubind and 4.7 pg/mL for Quantikine
(Figure 3B and C). No signal was detected in EV-free culture super-
natant using Imubind or Quantikine (data not shown). These data
show that 2 commercial TF ELISAs can detect TF in EVs isolated from
cell culture supernatant from a human pancreatic cell line that ex-

presses a high level of TF.

3.3 | Commercial ELISAs cannot detect low levels of
TF in plasma derived from LPS-stimulated whole blood

We have previously shown that LPS stimulation of human whole blood
from healthy donors induces TF expression in monocytes and the release
of TF-positive EVs [28,29,31]. We prepared plasma from LPS-stimulated
whole blood that contained TF-positive EVs and plasma from whole blood
without LPS stimulation as a negative control from 5 healthy donors. As
expected, TF activity in EVs isolated from plasma from LPS-stimulated
whole blood was significantly higher than the respective negative con-
trols for each donor (Figure 4A). The EV TF activity ranged between 1.2
and 2.6 pg/mL for the different donors (Figure 4A).

Notably, none of the ELISAs detected a difference between
samples with or without TF-positive EVs from the 5 donors
(Figure 4B-E). We observed a large difference in background values
for the different ELISAs (Figure 4B-E). The background of Imubind was
highly variable in the different donors and ranged between 35 and
212 pg/mL, whereas Quantikine gave much lower background values
(range 32-68 pg/mL). These results indicate that the ELISAs cannot
detect low levels of TF-positive EVs in plasma.

TF activity in plasma is mainly because of the presence of TF on
EVs [10,45]. Therefore, we determined whether the Imubind and
Quantikine ELISAs could detect TF in EVs isolated from plasma

isolated from LPS-treated whole blood. However, the 2 ELISAs failed
to detect TF in EVs isolated from plasma derived from LPS-stimulated
whole blood (Figure 5). Furthermore, removal of EVs from plasma did
not decrease the signal, suggesting that the signal was not specific for
TF (Figure 5).

3.4 | Evaluation of the ability of commercial ELISAs
to detect TF in plasma from patients with acute
leukemia

We determined the ability of 2 commercial TF ELISAs (Imubind and
Quantikine) to detect TF using clinical samples from patients with
acute leukemia with very low (0.14-0.17 pg/mL, patients 1-3) or very
high (151-696 pg/mL, patients 4-6) levels of EV TF activity (Figure 6A).
For Imubind, we did not observe a difference in signal between plasma
and EV-free plasma for all the patients (Figure 6B). However, we did
observe a signal for isolated EVs in the 3 patients with high levels of
EV TF activity with a pattern that was similar to the EV TF activity
(Figure 6B). For Quantikine, we observed a higher signal for plasma
compared with EV-free plasma for the 3 patients with high levels of
EV TF activity but not for the 3 patients with low levels of EV TF
activity (Figure 6C). In addition, we observed a signal for isolated EVs
in the 3 patients with high levels of EV TF activity (Figure 6C).

4 | DISCUSSION

In this study, we evaluated the ability of 4 different commercial ELI-
SAs to detect various forms of TF including TF in plasma. We found
that 3 of the 4 ELISAs detected recombinant TF in a dose-dependent

manner. However, the ELISAs gave very different values for a given
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FIGURE 4 Measurement of tissue factor activity and antigen in human plasma from whole blood with or without lipopolysaccharide
stimulation. Whole blood from 5 healthy donors was left untreated or stimulated with lipopolysaccharide (LPS) and plasma prepared. (A)
Extracellular vesicles (EVs) were isolated from plasma by centrifuging 100 uL of plasma and resuspended in 100 uL of assay buffer. Tissue factor
(TF) activity was determined using a FXa generation assay. TF antigen in plasma from unstimulated or LPS-stimulated whole blood was
determined using (B) Imubind ELISA, (C) Quantikine ELISA, (D) SimpleStep ELISA, and (E) CD142 ELISA.

amount of recombinant TF (Imubind > Quantikine > SimpleStep). Only
Imubind and Quantikine detected recombinant TF spiked in human
plasma. Imubind and Quantikine also detected TF on EVs isolated
from culture supernatant from a TF-expressing human pancreatic
cancer cell line HPAF-II. Again, Imubind gave much higher values
compared with Quantikine. A recent study evaluated the ability of 4
commercial TF ELISAs (Imubind, Quantikine, TF CD142 ELISA,
Zymutest TF ELISAs) to detect TF in lysates of a variety of tumor cell
lines [46]. Consistent with our observations, the ELISAs gave different
values for TF in cell lysates (Imubind> Zymutest> Quantikine> TF
CD142). Imubind also gave a much higher background and range (38-
212 pg/mL) in plasma from healthy donors compared to Quantikine
(32-68 pg/mL). These ranges are consistent with values reported in
the literature for healthy controls (Table). One study reported that the
background value of healthy donor plasma in 14 different studies
using Imubind was 61 to 187 pg/mL [21]. We also found that Imubind
gave higher values for plasma of healthy donors compared with
Zymutest [28]. These differences are likely because of the use of
different standards in the different ELISAs. Parhami-Seren et al. [21]
found that the Imubind ELISA had a ~3-fold higher background

compared to their in-house ELISA. They compared their in-house

calibrator and the Imubind standard and observed that the Imubind
standard had less TF than the in-house calibrator, which explained the
higher TF-like signals from the Imubind ELISA.

Kobayashi et al. [46] compared the signal from the different
ELISAs with the TF antigen signal measured by western blotting of cell
lysates from different human cancer cell lines. Linear regression
analysis showed that the R? ranged from 0.345 to 0.930 for the
different ELISAs. The TF CD142 ELISA had the highest R? but had low
sensitivity. Therefore, the Quantikine ELISA was selected to measure
TF-like antigen levels in plasma from patients with pancreatic cancer
and healthy controls. However, measuring TF in cell lysates is very
different from measuring TF in plasma. The main differences are the
low concentration of TF in plasma and the complexity of plasma.

Several studies have reported that disease groups, such as cancer,
bacterial, and viral infections, and cardiovascular diseases had
increased levels of TF-like antigen measured by Imubind [47-57] or
Quantikine [46,58,59] compared with healthy controls (Table). These
studies report statistically significant increases in TF-like antigen in
different disease groups using the Imubind and Quantikine ELISAs.
However, in most cases values for the disease group overlap with

values from the healthy controls. In addition, there were no consistent
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FIGURE 5 Measurement of tissue factor antigen in plasma,
extracellular vesicle-free plasma, and extracellular vesicles from
whole blood with or without lipopolysaccharide stimulation. Whole
blood from 4 healthy donors was left untreated or stimulated with
lipopolysaccharide (LPS) and plasma was prepared. Extracellular
vesicles (EVs) were isolated from plasma by centrifuging 100 pL of
plasma at 20,000 g for 15 minutes at 4 °C. The pellet was
resuspended in 100 pL of sample buffer. EV-free plasma was
generated by centrifuging the supernatant at 100,000 g for 70
minutes at 4 °C. Tissue factor (TF) antigen in plasma, EV-free
plasma (EV-free) and EVs was determined using (A) Imubind ELISA,
and (B) Quantikine ELISA.

patterns to allow us to conclude that levels of TF-like antigen in the
plasma are increased in most of the disease groups. One exception is a
study that reported high TF-like antigen (2000 pg/mL) measured using
Quantikine in COVID-19 patients with moderate disease [59]. This is
surprising because we and others have found that levels of EV TF
activity are increased in patients with severe COVID-19 but not in
moderate COVID-19 patients [26,27].

TF activity assays are more sensitive compared with TF antigen as-
says [4]. The sensitivity of our EV TF activity assay is ~0.5 pg/mL for EVs
isolated from human plasma. In this study, we found that commercial
ELISAs could not detect TF antigen in plasma or isolated EVs from plasma
containing up to 2.6 pg/mL of EV TF activity. This is more than 5-fold
higher than the activity assay. In a previous study, we evaluated the ability
of the Imubind and Zymutest ELISAs to detect TF in plasma from LPS-
treated whole blood from 6 healthy donors. Interestingly, the range of
EV TF activity was 2 to 14 pg/mL. Inthe 5 donors with EV TF activity in the
LPS-treated samples of >4 pg/mL but not the donor with a value of 2 pg/
mL, we observed an increase in the TF-like values for the LPS samples
compared with the controls for Imubind but not Zymutest [28]. We did
not measure the levels of TF antigen in isolated EVs in this study.

One study found that a patient with giant-cell lung carcinoma had
very high levels of TF-like antigen in plasma (3764 pg/mL) measured
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FIGURE 6 Measurement of tissue factor in plasma,
extracellular vesicle-free plasma, and extracellular vesicles isolated
from plasma from acute leukemia patients. Extracellular vesicles
(EVs) were isolated from 100 pL of plasma from 6 acute leukemia
patients by centrifuging at 20,000 g for 15 minutes at 4 °C. The
pellet was resuspended in 100 pL of sample buffer. EV-free plasma
was generated by centrifuging the supernatant at 100,000 g for 70
minutes at 4 °C. (A) EV TF activity was determined using a FXa
generation. TF antigen in plasma, EV-free plasma, and EVs were
determined using (B) Imubind ELISA, and (C) Quantikine ELISA.

using Imubind [6]. Importantly, 94% of the TF-like signal was associ-
ated with EVs. We found that Quantikine but not Imubind detected a
TF-like signal in plasma from 3 patients (#4-6) with acute leukemia
with high levels of EV TF activity (151-696 pg/mL). There was a higher
signal in plasma compared with EV-free plasma with Quantikine but
not Imubind. TF was detected in EVs isolated from the plasma of these
3 patients (#4-6) using Quantikine and Imubind. In a previous study,
we analyzed TF protein in EVs and culture supernatant from human
pancreatic cell lines using the Imubind ELISA and by western blotting
[7]. The majority of the signal from Imubind was associated with EVs,
but there was a residual signal in the EV-free culture supernatant.
Importantly, western blotting revealed that full-length TF was asso-
ciated with EVs, whereas degraded TF was observed in the EV-free
culture supernatant. By analogy, we speculate that the TF-like signal
detected in EV-free plasma by Quantikine represents degraded TF.
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TABLE Clinical studies measuring TF antigen in plasma using Imubind and Quantikine ELISAs.
Healthy group Disease group TF
Kit TF antigen (pg/mL) antigen (pg/mL) Disease Data type Sample type P value Ref.
Imubind 117 + 19.2 273 = 90 Leukemia (DIC) Mean + SD Plasma <01 1997 [47]
Imubind 187.3 + 108.7 303.6 + 134.1 Coronary artery Mean + SD Heparin PPP <.05 2000 [48]
disease
Imubind 158 + 60 275 + 122 Peripheral artery Mean + SD Citrated PPP  <.001 2000 [49]
disease
Imubind 142 (18-262) 179.2 (51.2-380) (stable) Ischemic heart Median (IQR) Citrated PPP  <.0001 2000 [50]
215 (56.8-834.3) (unstable) disease <0001
Imubind 76 (32-108) 116 (92-150) (stable) Coronary artery Median (IQR) Citrated PPP  <.01 2001 [51]
146 (104-188) (unstable) disease <001
Imubind 144 + 73.9 283 + 145 Glomerulonephritis ~ Mean + SD PPP .009 2006 [52]
Imubind 124.1 + 14.79 334.9 + 95.44 Nonsmall-cell lung ~ Mean + SD PPP .02 2008 [53]
cancer
Imubind 4283 + 14.18 66.78 + 41.59 Obstructive sleep Mean + SD PPP .005 2008 [54]
apnea
Imubind 62 + 20 134 + 54 (AAA) Aneurysm Mean + SD Citrated <.001 2013 [55]
91 + 30 (IAA/ PPP <.008
atherosclerotic lesion)
Imubind 215.6 + 55.1 2652 + 124.3 Cancer Mean + SD Citrated PPP  .014 2013 [56]
Imubind 115.35 (92.65-166.81) 539.93 (400.94-710.40) Breast cancer Median (IQR) Citrated PPP .0001 2018 [57]
Quantikine 524 (28.4-72.4) 63.8 (32.7-112) (stages I-IIl) Pancreatic Mean (range) EDTA PPP NS 2020 [58]
82.8 (45.6-141) (metastatic) adenocarcinoma <001
Quantikine 39.1 (16.8-87.3) 47.2 (0.0-224.8) (without CAT) Pancreatic Median (range) PFP .009 2021 [46]
560 (37.6-318.7) (with CAT) adenocarcinoma 002
Quantikine 23+ 5 20 =+ 2 (mild) COVID-19 Mean + SD Citrated PPP <.05 2022 [59]

2000 + 500 (moderate)

AAA, abdominal aortic aneurysm; CAT, cancer-associated thrombosis; DIC, disseminated intravascular coagulation; IAA, Inflammatory aortic aneurysm;
NS, non-significant; PFP, platelet-free plasma; PPP, platelet-poor plasma; TF, tissue factor.

Moreover, the plasma TF-like signal detected by Quantikine appears
to represent the combination of the full-length TF in EVs and
degraded TF in EV-free plasma.

A major challenge with detecting proteins in plasma is the pres-
ence of heterophilic antibodies. These natural antibodies exhibit multi-
species reactivity and can make a bridge between immunoassay an-
tibodies, producing a false-positive signal [11,14,60]. The validation of
TF antibodies is essential to ensure rigor and reproducibility of data.
Investigators and companies are responsible for assuring the speci-
ficity of the antibodies and assays used.

It should be noted that the blood from the leukemia patients
was collected in EDTA. A previous study showed that there was 5
times more LPS-induced TF activity in monocytes when citrate was
used as an anticoagulant compared with EDTA [61]. Similarly, we
found that the level of EV TF activity in LPS-treated blood was 3 to
10 times higher with citrated compared with EDTA (K Tatsumi and
N Mackman, unpublished data, 2017). Therefore, we do not believe

that the high levels of EV TF activity in the leukemia patients are
because of the use of EDTA. We did not collect information about
race/ethnicity of the healthy controls and patients used in this
study. We believe that this does not impact the conclusions of the
study.

In summary, our study indicates that commercial TF ELISAs could
not detect TF in human plasma containing 1.2 to 2.6 pg/mL of EV TF
activity in part because of a high non-specific background from the
plasma. We believe that the level of TF in plasma from LPS-stimulated
blood is similar or even higher than the levels in most diseases and
therefore is a good positive control for the study. One exception is
patients with acute leukemia where very high levels of EV TF activity
(151-696 pg/mL) are observed (Hisada Y, manuscript in preparation).
In this case, the Quantikine ELISA was able to detect a TF signal in
plasma. In conclusion, our study showed that commercial ELISAs are
unable to detect TF in human plasma apart from rare instances where

there are very high levels of TF.
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