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CHAPTER 9

Summary and General Discussion



Chapter 9

Background

Although the intriguing association between cancer and thrombosis has been
recognized since the 19" century, the mechanism(s) underlying this association
have not been revealed yet. In the past years it has been suggested that
microparticles (MPs; also known as microvesicles) derived from various types of
cells and formed by budding of cell membranes upon activation and apoptosis may
play a role in cancer-associated thrombosis. These MPs still bear antigens from
their parental cells (blood cells, endothelial cells, and most likely also tumour cells).
In addition they carry the negatively charged phosphatidylserine (PS) on their
membrane surface as the result of membrane remodelling during their formation
(1;2). Interestingly, MPs bearing tissue factor (TF), the major initiator of blood
coagulation, are increased in plasma of patients with certain types of cancer (3-6).
Unfortunately, the growing interest to study the role of MPs in health and disease is
limited by the lack of well standardized pre-analytical and analytical procedures
resulting in a wide variation in the results reported by different research groups
(1;2).

The aim of the studies described in this thesis was to develop novel methodology
for the sensitive detection and accurate quantification of (subsets of) MPs in their
native state and for the analysis of the cellular origin of MPs bearing active TF. In
addition, a possible association between MPs bearing active TF and the
development of venous thrombosis (VTE) was investigated in patients with multiple
myeloma.

Measurement of microparticles
Important factors

Several pre-analytical conditions such as blood collection, centrifugation used to
prepare plasma/MPs, and storage (including freezing-thawing) of plasma may
influence the outcome of the measurement of MPs. In Chapter 2 of this thesis we
discussed that during blood collection, it is necessary to prevent ex vivo activation
of blood which may lead to inadvertent production of erythrocyte MPs (ErMPs) or
platelet MPs (PMPs). We recommend that blood should be drawn by using a large
diameter needle, for example a 21-G needle, and that prolonged placement of a
tourniquet during venepuncture should be avoided.

Plasma for MP measurements is usually prepared from blood collected in 1/10
volume of sodium citrate (0.105 or 0.129 mol/L). The choice of this anticoagulant is
based on international guidelines for routine haematology testing but might be less
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optimal for MP measurements. Therefore, more information is needed on the
stability of MPs in blood collected in other anticoagulants such as
ethylenediaminetetraacetic acid (EDTA) and citrate theophylline adenosine
dipyridamole (CTAD) in comparison to that in citrate. Furthermore, the entire
process from blood collection until plasma preparation should be rapid and gentle
to avoid ex vivo activation of blood cells in the collection tube. The removal of
platelets from plasma by centrifugation is crucial, but at the same time the
centrifugal force used should not trigger inadvertent formation of PMPs.

Preferably, MP measurements should be performed directly in fresh plasma to
reduce MP loss and to preserve MP characteristics. However, in multi-centre
studies and prospective trials it is often inevitable to freeze and store the plasma
samples before performing the analysis. Unfortunately, validated protocols are not
yet available for freezing and thawing of plasma to be used for MP analysis. In
Chapter 2 we recommend that when frozen-thawed plasma is used for MP
measurements, especially PMP and annexin V-positive MP counts should be
interpreted with caution.

As mentioned in the general introduction of this thesis, MPs vary in size in the
submicron range. Therefore, a method which enables the detection of MPs within
this size range is needed to provide an accurate measurement of total MPs in the
sample. Current flow cytometers are not able to sensitively detect MPs smaller
than 0.5 um (7). Although there are advances made in developing new generation
flow cytometers (5;8), they have not been tested extensively for routine
measurements of MPs. Nevertheless, when flow cytometry is chosen as a method
for quantification of MPs, some analytical conditions should be standardized.
Recently, the Vascular Biology group of the Scientific and Standardization
Committee (SSC) of the International Society on Thrombosis and Haemostasis
(ISTH) proposed to standardize the enumeration of PMPs larger than 0.5 pum by
using calibrated size standard beads (Megamix beads) to adjust the instrument
setting and increase the resolution of the flow cytometer (9).

Other methods used to study plasma MPs are electron microscopy, capture-based
assays and functional assays of isolated MPs. In Chapter 2 we discussed the
advantages and disadvantages of these methods. In general, they can be used to
study plasma MPs as long as there is standardization of protocols, including the
use of appropriate reagents and reference materials, to improve intra- and inter-
laboratory reproducibility. We also discussed some novel methods to measure MPs
including proteomic analysis, impedance-based flow cytometry, atomic force
microscopy (AFM), nanoparticle tracking analysis (NTA), and dynamic light
scattering (DLS). At this moment, these methods are not easily applicable in the
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clinic since they are time-consuming and labour-intensive. In addition, none of
these methods gives information on the functional properties of MPs.

Atomic force microscopy

In Chapter 3 we report the development of a novel method to measure MPs by
using AFM. This method is based on the capture of MPs by anti-human CD41
monoclonal antibody (MoAb) coated on a modified mica surface. AFM operated in
fluid/liquid tapping mode is used to detect MPs attached to the anti-CD41-coated
surface. The advantages of this method are that forces as small as a few
picoNewton can be sensitively detected and that sample properties are preserved.
In this study, we observed that the binding of MPs to anti-CD41-coated mica
seemed to be specific, as a markedly lower number of MPs bound to IgG1 isotype
control-coated mica. Also, a linear relationship was obtained between the number
of CD41-positive MPs per 100 um’ surface and the MP concentration which
saturated at a concentration of ~500 MPs per 100 pm2 surface. We quantified the
number of CD41-positive MPs isolated from double-centrifuged fresh platelet-poor
plasma (PPP) of 7 blood donors and 3 cancer patients both by AFM and flow
cytometry. We found that the numbers of CD41-positive MPs measured by AFM
were 1,000-fold higher than those measured by flow cytometry (3-702 x 10°/L
plasma vs. 11-626 x 10°%L plasma). The MPs detected by AFM have diameters
(dspn) ranging from 10-475 nm with a peak at 67.5 nm, which is clearly far below the
detection limit of conventional flow cytometry.

We also investigated whether the AFM method can be used to detect TF-bearing
MPs (Chapter 4). To this purpose, we coated modified mica with FITC-labelled
anti-human TF MoAb to capture MPs isolated from the supernatant of cultured
MDA-MB231 cells stimulated with calcium ionophore. TF-positive MPs with
diameters (dsn) ranging from 6-296 nm (median: 40.4 nm; mean: 46.4 = 26.0 nm)
were successfully captured on FITC-labelled anti-TF-coated surface. Only few MPs
were captured on the mica surface coated with FITC-labelled mouse IgG1 isotype
control MoAb. We also found that the numbers of TF-positive MPs measured by
AFM were 2,000-fold higher than those measured by flow cytometry in the same
sample (8 x 10° per pL supernatant vs. 4 x 10° per uL supernatant).

To allow the detection of MPs directly in plasma, the use of a combination of
microfluidics and AFM was investigated (Chapter 5). Tenfold-diluted EDTA PPP
was flown through a microfluidic channel with a controlled pressure driven laminar
flow to allow direct contact with anti-human CD41 antibody-coated mica. MPs
bearing CD41 antigen were captured on this surface and subsequently detected by
AFM operated in fluid tapping mode. The majority of the captured MPs have
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diameters (dspn) of 45 nm (range: 30-90 nm), similar to prior results obtained with
MPs immediately isolated from fresh PPP. Apparently, the high-speed
centrifugation needed to isolate MPs did not influence the size distribution of MPs.
Use of the microfluidic system also increased the efficiency of capturing MPs. We
applied this microfluidic system to count PMPs in plasma from healthy donors and
compared it with a drop method. We detected considerably more CD41-positive
MPs per 100 pm?® surface when plasma was run through the microfludic system
than when measured by the drop method. Our preliminary data also showed that
there was a linear dose-response curve between the number of CD41-positive MPs
per 100 um2 surface and the MP concentration.

In conclusion, AFM operated in fluid tapping mode can sensitively detect and
accurately quantify subsets of MPs by using specific MoAbs. In combination with
microfluidics MPs can be directly measured in plasma, thus, reducing time between
venepuncture and MP measurement and also preventing MP loss because of
washing steps in the isolation procedure. Importantly, as this method relies on the
use of an antibody for the detection of MPs, a specific and high-affinity antibody is
required to capture a specific MP subset on the mica surface. Furthermore, to
assess the precise number of MPs in a given sample, the availability of an external
standard (e.g. MPs with a known concentration) will be essential.

Cryo-electron microscopy

Conventional electron microscopy (EM) has been used to study the morphology of
isolated MPs. However, the sample preparation and imaging techniques in
conventional EM require dehydration, chemical fixation, and staining of specimens
and are, therefore, less suitable to study the morphology of MPs directly in plasma.
We investigated whether cyro-EM can be used to study the size and morphology of
submicron particles (MPs and exosomes), and also to estimate the number of
these particles in a fresh plasma sample without the use of staining or chemical
fixation procedures. We used fresh plasma (platelet-rich plasma/PRP, PPP,
platelet-free plasma/PFP), isolated MPs, and also (thrombin activated-) isolated
platelets. These samples were directly applied onto an EM grid and vitrified for
cyro-EM measurement (Chapter 6).

In Chapter 6 we observed that platelets were more activated in fresh citrate PRP
than in EDTA PRP, although clearly less than in samples of thrombin-activated
platelets. Therefore, to reduce in vitro activation of platelets and PMP formation,
blood collection in EDTA is recommended for the study of plasma MPs. Most of the
submicron particles found in plasma of healthy volunteers were spherical electron
dense particles resembling lipoprotein particles. Low numbers of electron lucent
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particles with a discernable lipid bilayer (lipid vesicles) were also found. These
could be MPs, exosomes or both. Similar lipid vesicles were found in samples of
thrombin-activated isolated platelets and isolated MPs. All types of particles have
about the same size distribution (median: 30 nm; range: 25-260 nm). Because MPs
form only a minority of all submicron particles present in fresh plasma, we have to
consider the limitations of techniques used to measure MPs directly in plasma.
Finding ways to label MPs and/or exosomes directly in plasma will be essential for
further studies of these particles by for instance NTA and cryo-EM.

Immuno-magnetic beads capture

There is not yet a method which provides information on the cellular origin of the
plasma MPs carrying active TF. In Chapter 7 we report on the development of an
immuno-magnetic beads method to capture a defined subset of MPs from plasma
by using a specific biotinylated antibody and streptavidin magnetic beads.

This method was optimized for the capture of PMPs from plasma of healthy
volunteers. Plasma was incubated with biotinylated anti-human CD41 MoAb before
streptavidin magnetic beads were added. After application of this mixture to the
column, positive (containing the selected subset of MPs) and negative (containing
the depleted plasma) fractions were collected and used directly for the isolation
and analysis of MPs for specific antigens and TF activity.

By using flow cytometry we showed that biotinylated anti-human CD41 MoAb
specifically binds and saturates the surface antigen CD41 of PMPs. The
streptavidin magnetic beads did not interfere with the binding of anti-CD41 and
anti-CD61 antibodies to PMPs. After separation, there were no CD41-positive MPs
and only few CD61-positive MPs in the negative fraction, indicating that almost all
PMPs (CD41-positive MPs) were captured. This capture was CD41-specific as
most of CD41/CD61-positive MPs were recovered in the negative fraction of the
biotinylated IgG1-beads separation.

Using biotinylated anti-CD14 MoAb at the same concentration as anti-CD41 MoAb,
CD14-positive MPs were captured from normal plasma spiked with MPs isolated
from the supernatant of LPS-stimulated isolated monocytes (MoMPs). TF activity
was found both in the positive and negative fractions indicating that both CD14-
positive and -negative MoMPs have active TF. This seems in agreement with our
finding that not all active TF carrying MoMPs isolated from the supernatant of LPS
stimulated monocytes were CD14-positive.
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In the future the beads capture method can be used to investigate the source of
MPs carrying active TF in plasma of patients with cancer by using cell- or other
tumour-specific antibodies such as anti-MUCL1 (breast and pancreatic cancer cells)
(4;5), anti-FasL (melanoma cells) (10), anti-EGFRvIII (glioblastoma cells) (11), and
anti-CXCR-4 (leukaemic cells) (12).

MP-associated TF activity in patients with multiple myeloma

For the measurement of MP associated tissue factor activity (MP-TF activity)
freshly isolated MPs are supplemented with excess FVII(a) and FX in the presence
of calcium, after which the formation of FXa is measured with a specific
chromogenic substrate using either a one-stage (4;6;13) or two-stage approach
(14;15). These two different approaches were discussed in detail in Chapter 2 of
this thesis. To asses MP-TF activity in multiple myeloma (MM) patients, we used
the one-stage approach (Chapter 8).

Chemotherapy in combination with anti-angiogenic drugs in multiple myeloma is
associated with a high risk of thrombo-embolic complications (16;17). We
measured MP-TF activity in MPs isolated from PFP of 122 patients with newly
diagnosed MM before and after chemotherapy to investigate whether MP-TF
activity is associated with VTE. MP-TF activity levels of untreated patients were
significantly higher than those in healthy volunteers [17.6 fM FXa/min (IQR 8.6-
33.2) versus 4.1 fM FXa/min (IQR 2.3-6.6), P<0.001]. None of the patient
characteristics or laboratory measurements (sex, age, disease stage, beta-2
microglobulin, albumin, calcium, haemoglobin, platelets) correlated with the MP-TF
activity levels.

MP-TF activity prior to the start of treatment was not different between patients who
developed a VTE during follow-up (n=15) and those who did not (n=107). In 75
patients in whom plasma was obtained before and after chemotherapy, MP-TF
activity decreased significantly (from 17.4 [10.2-32.8] to 12.0 [7.0-18.5] fM Xa/min,
P=0.006). This reduction was observed in all ISS stages of disease suggesting that
the tumour load is not associated with MP-TF activity levels. The MP-TF activity
levels also decreased irrespective of the therapeutic regimen [vincristine,
adriamycin, and dexamethasone (VAD), thalidomide, adriamycin, and
dexamethasone (TAD), or bortezomib, adriamycin, and dexamethasone (PAD)].
MP-TF activity remained, however, elevated in patients who developed VTE (15.1
[10.3-25.2]), in contrast to patients not developing VTE (11.4 [7.0-25.2], P<0.001).
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In future studies MP-TF activity should be assessed more frequently during
induction treatment of MM to investigate whether MP-TF activity has a
pathogenetic role in VTE in MM patients.

General Discussion

Thus far there is no general consensus on the size and number of MPs due to
discrepancies between the results of MP measurements reported in the literature.
We are aware that these discrepancies are not only caused by differences between
the methods used to measure MPs. Pre-analytical procedures such as blood
collection, plasma/MPs preparation, and storage are some of the important factors
which might influence the number, morphology and characteristics of MPs. The use
of EDTA instead of citrate as anticoagulant for blood collection to reduce in vitro
activation of platelets and PMP formation (Chapter 6) is preferred for the study of
plasma MPs. We also have an indication that the high-speed centrifugation used to
isolate MPs has no effect on the size distribution of MPs (Chapter 5). Eventually, it
is essential to set up guidelines for these pre-analytical procedures to improve
intra- and inter-laboratory reproducibility.

In the past, MPs were defined by having a size distribution in the micrometer
range, whereas now we found them to be in the nanometer range (Chapter 3, 4, 5,
and 6). This is explained by the technical limitations of the methods previously
used to characterize MPs. For example, methods such as flow cytometry with a
detection threshold of 0.5 um and conventional EM for which dehydration, chemical
fixation, and staining of specimens are needed for sample preparation, are less
suitable for detection and characterization of MPs. Furthermore, there are no
suitable reference materials (standards) to calibrate and adjust the settings of the
methods for MP analysis (18). Currently, new methods such as AFM, NTA, and
cryo-EM allow detection and characterization of MPs in the nanometer range and
in their physiological state. However, these methods are not yet suitable for use in
the clinic as they are low throughput, labour-intensive and still need to be optimized
and validated (e.g. accuracy, precision, specificity, detection limit and
guantification, linearity and range, robustness). Therefore, improvements are
needed, for example by using automated sample handling systems, standardized
reagents, reference materials for calibration and settings, and an external standard
to obtain absolute numbers of MPs. Ultimately, a small MP measurement device
which uses just a pinprick of blood and provides results in less than 30 minutes
(lab-on-a-chip) would be desirable for a routine test.

There is evidence that MP-TF activity is increased in cancer patients who develop
(cancer-associated) VTE (4;6). Further investigations are needed to learn whether
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MPs bearing active TF in cancer patients are indeed the cause of thrombosis.
Furthermore, to understand the mechanism(s) of the association between cancer
and thrombosis, it is important to identify whether MPs bearing active TF come
from the cancer cell itself or not; in the latter case it is important to identify the cell
of origin (monocytes, endothelial cells, platelets) and the mechanism by which the
active TF is produced.

Finally, further research is needed to investigate how MPs are precisely formed.
According to a widely accepted hypothesis MPs are shed by cells as a result of
loss of membrane phospholipid asymmetry during processes such as activation
and apoptosis, exposing PS on the outer cell surface. This hypothesis is supported
by the rare bleeding disorder, Scott syndrome. This syndrome is characterized by a
decreased scramblase activity which results in reduced expression of PS and
reduced MPs shedding (1;2). Interestingly, the existence of MPs that do not expose
PS challenges the hypothesis of MP formation (19-22). It remains a matter of
debate whether the existence of PS-negative MPs is the result of the limitations of
the current methodology. Annexin V is widely used as a probe of PS exposure in
methods to detect and quantify MPs such as flow cytometry and annexin V
capture-based assays. However, the binding of annexin V to MPs depends on the
calcium concentration and the membrane PS content (23;24). Another possible
explanation for the finding of PS negative MPs might be that they are formed by
multiple fusion events between plasma membrane components with cell debris or
small endosomal secreted vesicles (exosomes) (25). Alternatively, MPs might be
released from the plasma membrane as a result of destabilization of the actin
cytoskeleton via allbB3 signalling which does not require rearrangement of
phospholipids distribution (26).

In conclusion, MPs are no longer regarded as cellular debris or experimental
artefacts, but in fact MPs may participate in processes of coagulation, inflammation
and tumorigenesis. It is of interest to investigate from which cells MPs are formed,
why they are formed and how they interact with other cells in the body. Therefore,
standardisation of pre-analytical and analytical procedures for the measurement of
MPs is urgently needed to understand their presence and to elucidate their
physiological function and role in diseases. In the future the measurement of MPs
will contribute to the development of MPs as diagnostic and perhaps predictive
(bio)marker in various diseases.
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