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METHOD FOR THE CHARACTERIZATION OF LIPOPROTEINS

DESCRIPTION

OBJECT OF THE INVENTION

The present invention relates to a method for the characterization of lipoproteins and is

applicable in the field of biomedicine.

PRIOR ART

Lipids are mainly present in the blood in the form of lipoproteins, which are particles
synthesized in the liver and intestines that transport cholesterol, triglycerides and other
lipids through the blood stream into peripheral tissues. Abnormal levels of blood lipids
may be indicative of cardiovascular diseases. To assess cardiovascular risk, a standard
lipid panel is generally used, which includes the concentration of plasma triglycerides,
total cholesterol, LDL cholesterol and HDL cholesterol. All these parameters are
measured experimentally except for the LDL cholesterol, which is estimated using the
Friedewald formula. A critical limitation of this formula is its inaccuracy under certain
conditions. Also, the measure of the amount of cholesterol in HDL and LDL lipoprotein
fractions does not suffice to predict cardiovascular risk in every case, since also the size
and particle number of lipoprotein particles may be relevant for a correct diagnosis of
lipid-related diseases. Thus, lipoprotein particles play a main role in cardiovascular

diseases and metabolic disorders.

Lipoproteins are divided into five main fractions depending on their size and density:
chylomicrons (Q; radii 400-2500 A), very low density lipoproteins (VLDL; radii 150-
400 A), intermediate density lipoproteins (IDL; radii 125-175 A), low density
lipoproteins (LDL; radii 90-140 A) and high density lipoproteins (HDL; radii 25-60
A).These main fractions can be further divided into different subclasses to obtain a

more detailed lipoprotein profile.
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It is gencrally accepted that the structure of a lipoprotein particle is substantially

spherical and comprises an inner core and an outer shell, wherein non-polar lipids

(triacylglycerols and cholesteryl esters) are found within the core, while polar lipids

(phospholipids and free cholesterol) are distributed through a surface monolayer (shell).

The protein components of lipoproteins (called apolipoproteins or apoproteins) are

located on the shell together with the polar lipids.

Advanced lipoprotein testing (ALT) aims to provide the most detailed information on

lipoprotein particles. Among the analytical techniques for advanced lipoprotein testing

currently used the following may be mentioned:

Density Gradient Ultracentrifugation, which allows measuring the relative
cholesterol distribution for different lipoprotein subclasses (K.R. Kulkarni et al.,
Quantification of cholesterol in all lipoprotein classes by the VAP-II method,
Journal of Lipid Research 35 (1994) 159-168). However, it does not provide
either the concentration of triglycerides, or the numbers and sizes of the
lipoprotein particles.

Gradient Gel Electrophoresis, which can fractionate LDL and HDLsubclasses
directly from plasma according to their size (G.R. Warnick et al,
Polyacrylamide gradient gel clectrophoresis of lipoprotein subclasses, Clinics in
Laboratory Medicine 26 (2006) 803). This method requires custom-made gels
and strict attention to laboratory quality control since small variations in gel
quality and laboratory conditions may affect accuracy.

High Performance Liquid Chromatography measures the cholesterol and
triglyceride content as well as the size of the major lipoproteins and their
subclasses (M. Okazaki et al., Component analysis of HPLC profiles of unique
lipoprotein subclass cholesterols for detection of coronary artery discase,
Clinical Chemistry 52 (2006) 2049-2053).

Ion Mobility Analysis relies on differences in electrophoretic mobility of gas-
phased lipoprotein particles and allows measuring the size and concentration of
some lipoprotein subclasses (M.P. Caulfield et al., Direct determination of
lipoprotein particle sizes and concentrations by ion mobility analysis, Clinical
Chemistry 54 (2008) 1307-1316).
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» 'H-NMR Spectroscopy for quantifying lipoprotein subclasses based on
sophisticated line-shape fitting techniques (M. Ala-Kompela et al.,, TH NMR-
based absolute guantification of human lipoproteins and their lipid contents
directly from plasma, Journal of Lipid Research (1994) 2292-2304). However,
said techniques require the use of a library of spectra previously characterized
and have the disadvaniage of exiensive lipoproiein signal overlap in the analysis
of the spectra of plasma.

= Diffusion-Ordered NMR Spectroscopy of lipoprotein fractions, which uses the
methyl peak of isolated lipoproteins to calculate the diffusion coefficient of the
lipoproteins and estimate their size from this value (R. Mallol et al., Particle size
measurement  of lipoprotein  fractions using  diffusion ordered NMR
speetroscopy, Analytical and Biocanalytical Chemistry 402 (2012) 2407-
2415).However, this method requires a previous step of wliracentrifugstion of
the sample in order to obtain the different lipoprotein fractions and cannot be

used directly in a blood serum or blood plasma sample.

Analytical methods which physically separate the different lipoprotein fractions and
subciasses, such as ultracentrifugation, are laborious and time-consuming. Moreover,

samples suffer a high degree of manipulation and they might remain at 4°C for days.

Also, ALT methods are not yet ready for routine clinical use, some of their limitations
being the lack of standardization and the varying approaches. Thus, there is a need for a
method which allows reliable characterization of different lipoprotein fractions and
subclasses directly from a blood serum or a blood plasma sample, using a single
analysis and without the processing or destruction of the sample. This will be useful for
developing and monitoring diet and drug therapies and getting insight into the

pathophysiology of cardiovascular diseases.

SUMMARY OF THE INVENTION

The present invention overcomes the above problems by the provision of a method for

the characterization of lipoproteins in a sample.

Date Regue/Date Received 2022-07-26
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Currently, 1.LDL. and HDL. cholesterol are two factors for cardiovascular risk that are
routinely used to assess the cardiovascular risk of an individual. However, a high
percentage of individuals suffering a cardiovascular event have normal levels of LDL
cholesterol, Patients with metabolic disorders such as diabetes tend to have LDL
lipoproteins which are smaller, poorer in cholesterol content and more atherogenic. This
smaller size is associated with a greater number of particles, thus resulting in a
cholesterol concentration similar to that of a pattern with a smaller concentration of
larger less atherogenic particles. That is the reason why there is interest in determining
the size and number of LDL lipoprotein particles, beyond their lipid load, to assess
cardiovascular risk of a patient, Moreover, there are studies which indicate that the size
and number of HDL particles arc better predictors of cardiovascular risk than HDL
cholesterol. The present invention allows exhauslive characierization of lipoprolein
particies, providing in a fast and reliable way the size and number of particles of the
main lipoproteins fractions and subclasses without physical separation of the different

lipoprotein fractions and subclasses in the sample.

The method according to the invention comprises the following steps:

- obtaining a 2D diffusion-ordercd 'H NMR spectrum of a samplc;

- pesforming a surface fitting of a portion of the spectrum corresponding to the
methy} signal using a plurality of model functions, each model function corresponding
10 a given particle size associated to a lipoprotein fraction and subclass and including at
least one model parameter to be estimated during the fitting, the estimated model
parameters hetng the set of model parameters for which the difference between the
NMR signal and the model signal built as a linear combination of the model functions is
minimized,
wherein each model function is a triplet of lorentzian functions having the form:

Triplet; = Lorentzian(hy;, f; — foj. wy, D) + Lorentzian(hy;, f;,wj, D;)

+ Lorentzian(hy, f; + fo,, wj, D;),
where hi{au), fi{ppm), wi{ppm), and D{cm?s') are the intensitics, chemical shift, width,

and diffusion coefficient, respectively, associated to a lipoprotein particle size J.

Date Regue/Date Received 2022-07-26
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The side lorentzian functions are equally spaced in the chemical shift axis relative to the

central lorentzian function, namely in an amount f;.

The model parameters to be determined for a lipoprotein particle size are one or several

from: f, fo, hq, hy, hy, w and D.

Advantageously, the use of triplets of lorentzians as the model functions associated to
each lipoprotein particle size results in a more accurate fitting of the NMR signal, when

compared to other methods.

The sample is preferably a blood plasma sample or a blood serum sample, but samples
of other biological fluids may be also used, such as cerebrospinal fluid,

encephalorachidian fluid or amniotic fluid.

Thus, the NMR methyl signal is decomposed as a number of model functions, each
model function corresponding to a lipoprotein particle size. Each model function is thus
associated with a given lipoprotein fraction and subclass according to its lipoprotein
particle size. Not all the model functions included in the fitting will necessarily
contribute to the model signal built, since not all the lipoprotein particle sizes included

in the fitting are necessarily present in the sample.

According to the method of the invention, the lipoproteins present in the sample are
identified and characterized by determining the intensity, chemical shift, width, and
diffusion coefficient of the associated lipoprotein signals. For further characterization of
the lipoproteins present in the sample, additional lipoprotein parameters may be
determined in subsequent steps based on the model functions and on the estimated

model parameters.

Preferably, the lorentzian functions of the triplet associated to each lipoprotein particle

size j have the form
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where k is the Boltzmann constant and G is the gradient strength applied (Gauss cm™).
The first quotient part of the lorentzian corresponds to a 1D lorentzian, whereas the
exponential part includes the attenuation effect by means of the diffusion gradient. This
preferred form of the lorentzian functions is applicable to each embodiment of the

invention.

In a preferred embodiment, the method comprises identifying the lipoproteins present in
the sample as those associated to the model functions having a nonzero contribution to
the theoretical model signal resulting from the fitting and determining at least one and
preferably all of: average size of lipoprotein particle classes, average size of lipoprotein
particle subclasses, class and/or subclass lipoprotein particle concentration, lipid
concentration of at least one lipoprotein particle class and/or lipid concentration of at

least one lipoprotein particle subclass.

In a preferred embodiment, for the model function associated to each lipoprotein

particle size j the intensities of the side lorentzian functions are made proportional to the

intensity of the central lorentzian function:

hlj = ij . hzj,Wlth i < a] < -, and
a1

h3j = B] . thJ with Z

In an embodiment, the proportionality factor @; is made the same for all lipoprotein

particle sizes and/or the proportionality factor f; is made the same for all lipoprotein

particle sizes.

In a preferred embodiment, the intensities of the side lorentzian functions are taken to

be equal, i.e. hy;= hj;.

In a preferred embodiment,

h, = %, i.e. the intensities of the side lorentzian functions are approximately half
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the intensity of the central lorentzian function, and/or
fo = 0.01 ppm, i.e. the side lorentzian functions are spaced approximately 0.01

ppm in the chemical shift axis relative to the central lorentzian function.

In a preferred embodiment, the number of model functions used is greater than or equal

to 9, each model function corresponding to a lipoprotein particle size.

In a preferred embodiment, the lipoprotein particle sizes used in the fitting are defined
based on experimental results obtained for example by NMR, HPLC, Gradient Gel
Eletrophoresis, or Atomic Force Microscope. The lipoprotein particle sizes used in the

method may be selected based on any other technique.

Preferably, lipoprotein particle sizes corresponding to several lipoprotein fractions

and/or subclasses are used in the method.

The surface fitting may be performed taking all the model parameters as free parameters
to be determined during the fitting. However, in a preferred embodiment, the surface
fitting is performed fixing a number of model parameters and using at least one other
model parameter as a free parameter to be determined. More preferably, at least the
signal intensity of the central lorentzian (h,) is used as a free parameter and at least one

of the chemical shift, width, and diffusion coefficient are fixed.

Where the number of model parameters to be estimated in the surface fitting is high,
multiple solutions for the fitting appear, many of them having no biological meaning.
Advantageously, fixing parameters by establishing relations between pairs of model
parameters allows reducing the dimensionality of the problem and avoids the

appearance of solutions with no biological relevance.

The shift of the side lorentzian functions relative to the central lorentzian function may
be estimated during the surface fitting or may be taken as a given value. Similarly, the
intensities of the side lorentzian functions may be estimated during the surface fitting or

may be taken to be related to the intensity of the central function, preferably to be half
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the intensity of the central lorentzian function.

In a preferred embodiment, the fixed model parameters used in the surface fitting are
determined based on the lipoprotein particle size and on regression models, the
regression models relating pairs of fixed model parameters and/or a model parameter

and the lipoprotein particle size.

In a preferred embodiment, the regression models used for the fixed parameters are
obtained from the deconvolution of the methyl signal of a plurality of NMR spectra
using a plurality of model lorentzian functions with the intensity, chemical shift, width,
and diffusion coefficient being free model parameters estimated to minimize the
difference between the NMR methyl signal and the model signal built as a linear
combination of the model functions, the regression models respectively relating at least
(i) the chemical shift and the lipoprotein particle size, and/or (ii) the width and the

lipoprotein particle size.

In a preferred embodiment, the regression models relating pairs of model parameters are
built according to the following steps:

- obtaining a 2D diffusion-ordered "H NMR spectrum for a plurality of samples;

- for each sample, performing a surface fitting of a portion of the spectrum
corresponding to the methyl signal using a plurality of model functions, each model
function being dependent on the model parameters to be fixed, wherein all the model
parameters to be fixed are estimated during the surface fitting as the set of model
parameters for which the difference between the NMR signal and the model signal built
as a linear combination of the model functions is minimized, and

- using the model parameters estimated in the previous step to build regression models

relating pairs of model parameters.

Preferably, the regression models respectively relate at least (i) the chemical shift and

the lipoprotein particle size, and/or (ii) the width and the lipoprotein particle size.

The plurality of samples used to build the regression models includes different lipids
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profiles and the number of samples considered is sufficiently high to be statistically
meaningful. Preferably, the number of samples is equal to or greater than 100 and
includes samples taken from healthy subjects and samples corresponding to different
profiles of atherogenic dyslipidaemia. More preferably the number of samples is equal
to or greater than 100 and includes samples taken from healthy subjects and, a
percentage of at least 9% of the samples corresponding to individuals having a profile
of diabetes mellitus and at least 25% of these patients having a profile of atherogenic

dyslipidaemia.

Preferably, the model functions used to build the regression models are lorentzian

function triplets of the form:
Tripletj = Lorentzian(h1j,/‘j — foj, wj, Dj) + Lorentzian(hzj,fj, wj,Dj)

+ Lorentzian(hgj,fj + foj» W), Dj):
In a preferred embodiment, h,= h; = h, /2.

In a preferred embodiment, the triplets of lorentzian functions used to build the

regression models have the form:

h.
Tripletj = Lorentzian (%,fj —0.01,wy, Dj) + Lorentzian(hj,fj, wj, Dj)

h
+ Lorentzian (;j,f] + 0.0l,w}-, D}->

Alternatively, the shift (fy) of the side lorentzian functions relative to the central
lorentzian function may be determined during the fitting performed to build the
regression models. A single value of the shift (f)) may be used for all the lipoprotein
sizes. Similarly, the intensities of the side lorentzian functions may be estimated during

the fitting performed to build the regression models.

In a preferred embodiment the diffusion coefficient of the model functions is estimated

from the lipoprotein particle size by means of the Einstein Stokes equation



10

15

20

25

CA 02931749 2016~05~26

WO 2015/079000 PCT/EP2014/075873

-10 -

D kT
~ 6mnRy

k (J K™) being Boltzmann constant, 7 (K) temperature, 7 (Pa s) viscosity and Ry (A) the
lipoprotein particle size.

In a preferred embodiment, the method of the invention further includes correcting the
estimated diffusion coefficients to take into account dilution effects, using a relation
between the NMR area and the diffusion coefficient obtained for several dilutions of a
sample wherein the sum of the concentration of total cholesterol and triglycerides of
said sample is higher than 300 mg/dL. Advantageously, using a corrected diffusion

coefficient to take into account dilution effects results in a more accurate surface fitting.

In a preferred embodiment, the NMR area associated to a lipoprotein function is
corrected to consider only the contribution of the lipids included in the lipoprotein

particle core.

In a preferred embodiment, the corrected NMR area (A’) is determined using the
following expression:

(9 (R—%

A'zA'[(9.(R—s)3)+6-p-(R3—(R_S)3)]

with A (au) and R(A) being respectively the area and lipoprotein particle size associated
to each model function, s(A) being the thickness of the lipoprotein particle shell and p
being the ratio of apoprotein mass per unit volume (mg/ml) in the shell of the particle
relative to the total mass per unit volume (mg/ml) in the particle shell (proteins, free
cholesterol and phospholipids). The proteins in the shell of the lipoprotein particles are
called apolipoproteins. The ratio p depends on the lipoprotein fraction. For HDL p is
approximately 0.5. For other lipoprotein fractions p is smaller. Generally, the thickness

of the lipoprotein particle core is estimated as s = 20 + 2A.

As used herein, the term “apolipoproteins™or “apoproteins”, i.e. proteins in the shell of
the lipoprotein particles, refer to proteins that bind lipids to form lipoproteins and

transport lipids through the circulatory system. Apolipoproteins are amphipathic
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molecules that can surround lipids creating the lipoprotein particle that is itself water-
soluble and can thus be carried through water-based circulation (i.e., blood). There are
six classes of apolipoproteins (A-H) and several subclasses; in particular, Apo A-I (or
Apo Al) is the major protein component of HDL particles wherein Apo A-II (or Apo
A2) is also present in a minor concentration. Illustrative, non-limitative, methods for
determination of apolipoprotein concentration include without limitation, colorimetric
methods, Western blot or ELISA. If apolipoprotein concentration is determined in an
isolated fraction of lipoproteins any method well-known in the art for determining
protein concentrations may be used such as enzymatic methods, colorimetric methods
(Biuret, Lowry, Bradford, etc.) or immunochemical techniques (Western blot, ELISA,
etc.). If apolipoprotein concentration is determined in a plasma or serum sample
immunochemical techniques are used in order to obtain a specific detection of
apolipoproteins.  Illustrative, non-limitative, immunochemical techniques for
apolipoprotein detection include immunoturbidimetric techniques, immunonefelometric
techniques, radial immunodiffusion, ELISA, -electroimmunoanalysis, and

radioimmunoanalysis.

The correction of the area is more important as the lipoprotein particle size decreases,
i.e. the correction is greater for HDL particles than for LDL or VLDL particles, due to
the smaller size of HDL particles.

In a preferred embodiment, the method additionally comprises determining at least one
lipoprotein parameter selected from: average particle size of lipoprotein fractions,
average particle size of lipoprotein subclasses, fraction lipoprotein particle
concentration, subclass lipoprotein particle concentration and lipid concentration of at
least one lipoprotein particle subclass and/or lipid concentration of at lcast one

lipoprotein particle fraction.

In a preferred embodiment, the average size of a lipoprotein particle fraction is

determined as:

Size (&) ==L
j=1PN;

’
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n being the number of lipoprotein particle subclasses included in the lipoprotein particle
fraction, R(A) being the lipoprotein particle size and PN, being the particle number for

said lipoprotein particle size.

In a preferred embodiment, the particle number (PN) for a lipoprotein is determined as:
4
PN; x e
J

with A(au) and R(A) being respectively the area and lipoprotein particle size associated
to a model function j. Throughout the document the size of the lipoprotein particle will
be understood as the lipoprotein particle radius in Angstroms. The number of
lipoprotein particles of a specific size is proportional to the ratio of the arca associated
to the model function corresponding to said lipoprotein between the volume associated
to said lipoprotein, the proportionality factor being a calibration parameter of the
equipment used. Preferably, in the determination of the particle number the area
associated to a lipoprotein function is the area A’ corrected to consider only the
contribution of the lipids included in the lipoprotein particle core, according to an

embodiment of the invention.

The average size of a lipoprotein particle fraction, as used herein, refers to the average
size of the radius of the lipoproteins forming part of a particular lipoprotein particle

fraction.

In a preferred embodiment, the lipoprotein particle concentration of a lipoprotein
particle fraction is calculated by dividing the lipid volumes by the lipoprotein particle
volumes. Lipid volumes are determined by using common conversion factors to convert
concentration units into volume units. Total lipoprotein particle concentrations of each
main lipoprotein particle fraction are obtained by summing the concentrations of the

corresponding lipoprotein particle subclasses.

In a preferred embodiment, the method comprises determining the lipid concentration of
at least one lipoprotein particle fraction and/or at least one lipoprotein particle subclass.

More preferably, the determination of the lipid concentration is performed using
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regression models. In a preferred embodiment, the regression models are calibrated with
lipid concentrations measured in lipoprotein fractions obtained by ultracentrifugation in
the following regions: from 5.4 to 5.15 ppm, from 3.28 to 3.14 ppm, from 2.15 to 1.85
ppm, from 1.45 to 1 ppm and from 1 to 0.7 ppm. Other methods may be used for
calibration, such as ELISA, chromatography, NMR or enzymatic methods.

The determination of the lipid concentration of a lipoprotein particle fraction or subclass
includes the determination of at least one of a lipid selected from triacylglycerols,

cholesteryl esters, free cholesterol and phospholipids.

All the features described in this specification (including the claims, description and
drawings) and/or all the steps of the described method can be combined in any
combination, with the exception of combinations of such mutually exclusive features

and/or steps.

BRIEF DESCRIPTION OF DRAWINGS

To better understand the invention, its objects and advantages, the following figures are

attached to the specification in which the following is depicted:

Figure 1 shows the deconvolution of a methyl signal according to the method of the
invention, where the model functions used in the fitting are shown in figure 1A and the

model functions grouped according to their lipoprotein fractions are shown in figure 1B.

Figure 2 shows two regression models, respectively relating (a) size and chemical shift
and (b) width and chemical shift.

Figure 3 shows the relation between the NMR area of the methyl signal and the

diffusion coefficient.

Figure 4 shows the regions of the spectrum used in an embodiment of the method of the

invention to calibrate the regression models for the lipid determination.
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Figure 5 shows the deconvolution of the methyl signal of three samples.
DETAILED DESCRIPTION OF THE INVENTION

In the in vitro method for the characterization of lipoprotein particles according to the

invention, the samples are analysed by 2D diffusion-ordered "H NMR spectroscopy.

Once the 2D diffusion-ordered "H NMR spectrum has been obtained, a surface fitting is
performed of the portion of the spectrum corresponding to the methyl signal. A plurality
of model functions is used, each model function corresponding to a lipoprotein having a
specific lipoprotein particle size and including a plurality of model parameters to be
estimated during the fitting. The model function associated to each specific lipoprotein
particle size is a triplet of lorentzian functions having the form:
Triplet = Lorentzian(hy, f — fo,w, D) + Lorentzian(h,, f,w, D)
+ Lorentzian(hs, f + fo,w, D),

where h(au), f{lppm), w(ppm), and D(cm’s™) are the model parameters to be determined
and are respectively the intensity, chemical shift, width, and diffusion coefficient

associated to a lipoprotein signal.

The model parameters are estimated during the fitting as the set of model parameters for
which the difference between the experimental NMR signal and the model signal built

as a linear combination of the model functions is minimized.

Figure 1 shows the part of a spectrum corresponding to the methyl signal of a serum
sample for a single gradient of a 2D diffusion-ordered '"H NMR experiment and its
fitting. In this case the fitting for a single gradient has been depicted for increased
clarity, even if a surface fitting is performed for a plurality of diffusion gradients. Figure
1A shows in thin trace a plurality of model functions used to fit an experimental NMR
spectrum, which is also shown in thick trace. The theoretical model signal built from the
fitting with model functions is depicted in dot line. Each model function can be

associated to a given lipoprotein particle fraction according to its lipoprotein particle
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size. In Figure 1B thin lines correspond to the sum of the model signals associated to

each corresponding lipoprotein fraction (in this example VLDL, LDL, HDL).

In this example, the surface fitting is performed fixing all parameters (chemical shift,
width and diffusion coefficient) except the signal intensities, instead of estimating all
parameters for each triplet of lorentzian functions. The following form is used for the

triplet lorentzian functions:

h
Triplet = Lorentzian (E’f —0.01,w, D) + Lorentzian(h, f,w, D)

h
+ Lorentzian (E,f + 0.01, w,D) ,

the two signals around the central signal being shifted 0.01 ppm relative to the central

signal.

In order to fix the chemical shifts and widths associated to each model function, 300
spectra were previously deconvoluted using three triplet lorentzian functions with all
their parameters free. Once the sets of parameters which best fit to the 300 experimental
spectra have been obtained, they were used to fit two regression models to be used as
predictors of the fixed parameters, a first regression model relating chemical shift and
size (Figure 2a) and the second regression model relating width and chemical shift
(Figure 2b). Figures 2a and 2b respectively show the chemical shift plotted as a function
of size and the width plotted as a function of chemical shift for the estimated
parameters, from which corresponding relations relating both pair of parameters can be
determined. Thus, at a fixed lipoprotein particle size, its NMR chemical shift and width

can be estimated using the built regression models.

A third regression model may be built to relate the diffusion coefficient with another
parameter. Alternatively, the diffusion coefficient may be obtained from the lipoprotein
particle size using the Einstein Stokes equation:

o kT

Preferably, the lipoprotein particle sizes are selected based on experiments and



10

15

20

25

CA 02931749 2016~05~26

WO 2015/079000 PCT/EP2014/075873

-16 -

corresponding to a number of different lipoprotein particle subclasses, which allows a

more complete and reliable lipoprotein profile to be achieved.

Preferably, the determined diffusion coefficients are corrected in order to take into
account possible dilution effects. To study the degree of correction needed, in a
preferred embodiment of the invention a serum sample having high triglycerides levels
(16 mmol/L) and various dilutions of the same sample (1:2, 1:4, 1:8 and 1:16) are
analyzed (Figure 3). Then, the relation between NMR arca and diffusion coefficient is

used to predict the correction needed for each NMR signal:
_ D
T 1—kg-A—kgy- A

where Dy is the average diffusion coefficient under dilution conditions, D and 4(au) are

Dy

the average diffusion coefficient and the total area of the methyl peak, respectively, and

ksi, ksy are the regression coefficients.

To determine the average diffusion coefficient a number of spectra is obtained for each
sample, each spectrum being obtained under a different gradient strength. The arca
under the methyl curve plotted as a function of the gradient decays exponentially with
increasing gradients. The average diffusion coefficient is thus proportional to the slope
of the line obtained when the logarithm of the signal attenuation A/Ay is plotted versus
the square of the gradient:
log(A/Ay) = —kDG?
where A is the methyl signal area, Ay is the methyl signal area with zero gradient, & is a

constant parameter and G is the gradient strength.

With the selected lipoprotein particle sizes and the chemical shift, width and diffusion
coefficient determined for each lipoprotein particle size, the signal intensity is
determined for each model function in order to minimize the difference between the
experimental NMR signal and the model signal built from the plurality of model signals

considered.

The fitting may be made by minimization of the normalized root mean squared errors
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(NRMSE) using the following equation:

2
ZZ’ E}n(sexp 'Sest)

n-m

o) = J -
NRMSE (%) max(Sexp) — min(sexp)

100
where Sey, and S, are the experimental and estimated surfaces, respectively, »n is the

number of data points considered and m the number of gradients used.

Once the model parameters have been determined, particle-weighted lipoprotein sizes
can be obtained by dividing the NMR area associated to each model function by their

associated volume:

J
]

where A, Rj3 and PN; are the area (au), volume (A) and particle number (au/A®) of a
given lipoprotein particle j. The proportionality factor relating the particle number with
the ratio between areca and volume can be easily obtained by known calibration

standards, which directly relate the NMR area and the lipid concentration.

Then a mean particle size can be obtained for each lipoprotein particle fraction by
multiplying the NMR lipoprotein particle sizes by their fractional particle concentration

relative to the total particle concentration of a given fraction:

" _R; PN,
Z(A) _ % :llle_ J
= J

where Z corresponds to mean lipoprotein particle size of a given lipoprotein particle

fraction.

PLS regression models were calibrated to predict the cholesterol and triglyceride
concentration of the main lipoprotein particle fractions (VLDL, LDL, and HDL).
Regions from 5.4 to 5.15 ppm, from 3.28 to 3.14 ppm, from 2.15 to 1.85 ppm, from
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1.45 to 1 ppm and from 1 to 0.7 ppm (shown in Figure 4) were used as X-Block and the
cholesterol and triglyceride concentrations were used as Y-Block. Both blocks were
mean-centered. The optimum number of latent variables (LV) and the validation
performance of the PLS models, were assessed using venetian blinds cross-validation
splitting the data 10 times. Coefficients of determination between the predicted and
reference concentrations ranged from 0.79 to 0.98 in the calibration step. The

coefficients of determination of the validation step ranged from 0.81 to 0.98.

The determination of the lipid concentration of a lipoprotein particle fraction or subclass
includes the determination of at least one of a lipid selected from triacylglycerols,

cholesteryl esters, free cholesterol and phospholipids.

A triglyceride (or triacylglycerol) is an ester derived from glycerol and three fatty acids
which can be found in a lipoprotein particle. Illustrative, non-limitative, fatty acids that
can be found in lipoprotein triglycerides are palmitic acid, estearic acid, oleic acid,
linoleic acid and araquidonic acid. Triglycerides are blood lipids that help enable the
bidirectional transference of adipose fat and blood glucose from the liver. Illustrative,
non-limitative, methods for determination of triglycerides concentration include
enzymatic determination. Enzymatic determination of triglycerides is also possible
because it is specific and sensitive. The principle of reaction is as follows: Triglycerides
are hydrolyzed by a lipase in glycerol and free fatty acids. In the presence of glycerol
kinase, glycerol is phosphorylated to glycerol-3-phosphate which is then oxidized with
a glycerol phosphate oxidase with formation of hydrogen peroxide. In the presence of
peroxidase, 4-chlorophenol and 4-aminoantipyrine with hydrogen peroxide yield a red-
colored product, quinonimine. The staining intensity is directly proportional to the

sample concentration of triglycerides.

Cholesterol is an amphipatic lipid. A cholesteryl ester is an ester of cholesterol wherein
the ester bond is formed between the carboxylate group of a fatty acid and the hydroxyl
group of cholesterol. Illustrative, non-limitative, examples of cholesteryl esters present
in a lipoprotein particle are cholesterylpalmitate, cholesteryl stearate, cholesteryloleate,

cholesteryllinoleate and cholesterylaraquidonate (Skipski, V.P. In: Blood Lipids and
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Lipoproteins. Quantitation, Composition and Metabolism. pp.471-483 (ed. G.J. Nelson,
Wiley-Interscience, New York) (1972)). Cholesteryl esters have a lower solubility in
water than cholesterol and are more hydrophobic. Numerous methods are available for
determination of cholesterol concentration, e.g., gravimetric, nephelometric,
turbidimetric, or photometric methods, among others. Commercially available kits for
quantitative colorimetric/fluorimetric cholesterol and cholesteryl esters determination
may be used. Usually, the concentrations of total and free cholesterol (esterified
cholesterol being previously precipitated by, for example, digitonin) are determined,
whereas the concentration of cholesteryl esters (esterified cholesterol) is calculated from
the difference between these two concentrations. Enzymatic determination of
cholesterol concentration is specific and sensitive. The principle of reaction is as
follows: Cholesterol esterase catalyzes hydrolysis of cholesteryl esters to free
cholesterol and free fatty acids. In the presence of cholesterol oxidase, cholesterol is
oxidized to d-4-cholestanetriol to form hydrogen peroxide. In the presence of
peroxidase, phenol and 4-aminoantipyrine with hydrogen peroxide yield a red-colored
product, quinonimine. The staining intensity is directly proportional to the sample

concentration of total cholesterol.

Phospholipids arc a class of lipids that are present in the shell of lipoprotein particles
and that are a major component of all cell membranes as they can form lipid bilayers.
Most phospholipids contain a diglyceride, a phosphate group, and a simple organic
molecule such as choline. The structure of the phospholipid molecule generally consists
of hydrophobic tails and a hydrophilic head. Illustrative, non-limitative, examples of
phospholipids present in a lipoprotein particle are phosphatidylcholine,
sphingophospholipids such as sphingomyelin, phosphatidylethanolamine,
phosphatidylinositol and phosphatidylserine. Illustrative, non-limitative, methods for
determination of phospholipids concentration, include commercially available assay kits
for a quantitative colorimetric/fluorimetric phospholipid determination. The principle of
reaction is as follows: phospholipids (such as lecithin, lysolecithin and sphingomyelin)
are enzymatically hydrolyzed to choline which is determined using choline oxidase and

a H,0; specific dye. The optical density of the pink colored product at 570nm or
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fluorescence intensity (530/585 nm) is directly proportional to the phospholipid

concentration in the sample.

Example

2D diffusion-ordered 'H NMR speciroscopy (DOSY):

Serum samples were analysed by NMR spectroscopy, recording |H NMR spectra on a
BrukerAvance III ™ spectrometer at 310 K. The double stimulated echo (DSTE) pulse
10 program was used with bipolar gradient pulses and a longitudinal eddy current delay
(LED). The relaxation delay was 2 s, the free induction decays were collected into 64K
complex data points and 32 scans were acquircd on cach sample. The gradicnt pulse
strength was increased [rom 5 10 95% of the maximum strength of 53.5 Gauss e’ in 32

steps, where the squared gradient pulse strength was linearly distributed.

15

Surface fitting:

In the present example the lipoprotein NMR signals were modeled as triplets of lorentzian

functions, with the two signals around the central signal shifted 0.01 ppm:
20

. . (h .
Triplet = Lorentzian («ZM,f - 0.01,w, D) + Lorentzian(h, f,w,.D)
. h
+ Lorentzian (E' f+001w, D)

where h (au), f (ppm), w (ppm), and D {cm’ s™") are the intensity, chemical shift, width,

25  and diffusion coefficient of a given lipoprotein signal, each lipoprotein signal

corresponding to a lipoprotein particle size. 9 lipoprotein particle sizes and consequently

also 9 model functions were used based on lipoprotein particle sizes obtained by HPLC,

The 9 model functions were associated with a given lipoprotein particle fraction (VLDL,

30 LDL or HDL) according to their NMR size. Thus, functions FI-F3 were

Date Regue/Date Received 2022-07-26
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associated to VLDL, functions F4-F6 to LDL, and functions F7-F9 to HDL (Table 1).
Main lipoprotein particle fractions were defined as VLDL (193-409 A), LDL (74-133
A) and HDL (30-55 A).

The surface fitting of the methyl signal was performed using 9 model functions with all
parameters fixed (chemical shift, width and diffusion coefficient) except the signal
intensity (%). The fitting of each sample elapsed 29.47+4.42 seconds on average. The
methyl signal was thus decomposed into individual lipoprotein signals to obtain the
contribution of 9 lipoproteins with fixed NMR size. Figures 5SA-C show the results of
the surface fitting for three subjects, which are also summarized in Table 1. It must be
noted that even using 9 model functions to fit the spectra, not all of them are used to
find the final solution. Figures 5D-F show the grouping of model functions according to
their associated lipoprotein particle main fraction. Subject 1 shows a prominent HDL
area (shown in dark grey in Figure 5D), subject 2 has increased LDL area (shown in
light grey in Figure 5E), and subject 3 is characterized by a very high VLDL area

(shown in medium grey in Figure 5F).

The uniqueness of the solutions was studied by fitting each sample ten times with
randomly chosen iitial values of the signal intensities. Because the dynamic range in
signal intensity may be very high, the following formula was used to assess the
coefficient of variation (CV) for each model function and sample across ten different

fittings:

SD (h)

CV = Max(h) — Min(h)

- 100 (%)

where £ stands for signal intensity of a given model function. Maximum (Max),
minimum (Min) and standard deviations (SD) values where assessed from the ten
fittings in each sample. As a result, unique solutions were obtained for all samples after

10 runs.

In this case the coefficient of variation (CV) is determined for the signal intensity of the
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central lorentzian, since the other model parameters have been fixed during the fitting.
The above expression for the calculation of the coefficient of variation may be
generalized for the case where more than one free model parameters is used i the

fitting.

Normalized root mean squared errors (NRMSE) of the fittings were calculated using the

following equation

\/Z? Z;H(Sexp_sest)z

n-m

NRMSE (%) = 100

max(S,y,) — min(S,,,) '

where Se., and S, are the experimental and estimated surfaces, respectively, » is the
number of data points considered in interval length (0.7-1 ppm) and m the number of
gradients used. In this example, » and m had the same value for each sample. The

average NRMSE obtained was of less than 1.5%.

To obtain particle-weighted lipoprotein sizes, we first divided each NMR area by their

associated volume:

J
]

where A, Rj3 and PN; are the area (au), volume (A and particle number (au/A%) of a

given lipoprotein particle ;.

Then, the mean particle size for each lipoprotein particle fraction was obtained
multiplying the lipoprotein particle sizes by their fractional particle concentration

relative to the total particle concentration of a given particle fraction:

n _R.-PN,
VLDL Size () =22~ __J j—1,..,3
j=1PN;
LDL Size (R) =220 T i—4, .6

Xj=1 PN;
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T _R.-PN.
HDL Size (8) = 21—/
j=1PN;

J=7,..,9

Particle concentrations of each lipoprotein particle subclass were calculated by dividing
the lipid volumes by the particle volumes. Lipid volumes were determined by using
common conversion factors to convert concentration units into volume units. Total
particle concentrations of each main particle fraction were obtained by summing the

concentrations of the corresponding particle subclasses.

Lipid concentration was determined using PLS models calibrated in the regions shown
in Figure 4, namely: from 5.4 to 5.15 ppm, from 3.28 to 3.14 ppm, from 2.15 to 1.85
ppm, from 1.45 to 1 ppm and from 1 to 0.7 ppm. The reference lipids were obtained by
sequential ultracentrifugation and correspond to cholesterol and triglycerides for three

lipoprotein particle fractions (VLDL, LDL and HDL).

The method of the invention allows to obtain an advanced lipoprotein profile, as shown
in Table 1. The ALT reports for three representative subjects from the whole group are
summarized in Table 1 for illustration purposes. Subject 1 was normolipidemic, subject
2 presented high LDL cholesterol levels (hypercholesterolemic) and subject 3 presented
high triglycerides and low HDL cholesterol levels (atherogenic dyslipidemia). The
method of the invention provides total cholesterol (C), triglycerides (TG) and particle
concentration (P) for the main lipoprotein fractions and their subclasses. Additionally,
the method of the invention provides the size of the main lipoprotein fractions. Subject
1 showed normal lipid levels (defined as VLDL-TG<150 mg/dL, LDL-C<160 mg/dL,
and HDL-C>40 mg/dL), subject 2 showed elevated LDL-C and normal VLDL-TG and
HDL-C levels, and subject 3 showed elevated VLDL-TG, decreased HDL-C and normal
LDL-C levels. It should also be pointed out that subject 3 had increased LDL-P despite
normal LDL-C levels and that its small LDL-P concentration was higher than in subject
2. Thus, subjects with elevated triglycerides levels are associated with increased LDL-P
values because an increase in triglyceride concentration leads to the formation of greater

concentrations of smaller LDL particles.
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Advanced lipoprotein tests have shown statistical associations between these lipoprotein
parameters and the risk for cardiovascular disease (Sniderman, A., and P. O.
Kwiterovich. 2013. Update on the detection and treatment of atherogenic low-density
lipoproteins. Current opinion in endocrinology, diabetes, and obesity 20: 140-147). For
example, in a study, the number of HDL particles (HDL-P), but not the high-density
lipoprotein cholesterol (HDL-C) concentrations, were independently associated with
carotid intima-media thickness, after adjusting for covariates (Mackey, R. H., P.
Greenland, D. C. Goff, Jr., D. Lloyd-Jones, C. T. Sibley, and S. Mora. 2012. High-
density lipoprotein cholesterol and particle concentrations, carotid atherosclerosis, and
coronary events: MESA (multi-ethnic study of atherosclerosis). J Am CollCardiol 60:
508-516). Finally, the use of lipoprotein particle subclasses improved NMR-derived risk
stratification for subclinical atherosclerosis compared with conventional lipid measures
in the prediction models with risk factors of the Framingham risk score (Wurtz, P., J. R.
Raiko, C. G. Magnussen, P. Soininen, A. J. Kangas, T. Tynkkynen, R. Thomson, R.
Laatikainen, M. J. Savolainen, J. Laurikka, P. Kuukasjarvi, M. Tarkka, P. J. Karhunen,
A. Jula, J. S. Viikari, M. Kahonen, T. Lehtimaki, M. Juonala, M. Ala-Korpela, and O.
T. Raitakari. 2012. High-throughput quantification of circulating metabolites improves

prediction of subclinical atherosclerosis. European Heart Journal 33: 2307-2316).

Table 1. Summary of lipoprotein parameters obtained using the method of the invention

Subject 1 | Subject 2 | Subject 3
Lipids (mg/dL) VLDL-TG 13.7 22.6 150.3
LDL-C 105.4 161.8 127.0
LDL-TG 14.9 20.9 18.4
HDL-C 66.5 49.5 34.4
HDL-TG 7.1 6.6 11.0
ParticleConcentration* | VLDL-P 12.4 22.0 106.3
LargeVLDL-P 0.2 0.3 5.9
Medium VLDL-P 1.0 1.9 21.6
Small VLDL-P 11.1 19.7 78.8
LDL-P 980.6 1399.1 1230.4
LargeLDL-P 80.0 184.3 23.7
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Medium LDL-P 212.4 406.8 310.5
Small LDL-P 688.2 808.0 896.1
HDL-P 32.2 27.1 259
LargeHDL-P 2.4 1.3 0.3
Medium HDL-P 10.0 6.8 3.6
Small HDL-P 19.8 19.0 22.0
Size (nm) VLDL 39.0 38.9 42.2
LDL 19.7 20.1 19.5
HDL 8.2 8.0 7.8

*VLDL/LDL: nmol/L; HDL: pmol/L
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CLAIMS

1. An in vitro method for the characterization of fipoproteins in a sample, comprising the
following steps:
5 - obtaining a 2D diffusion-ordered 'H NMR spectrum by recording a spectrum of
the sample by means of a spectrometer;
- performing a swrface fitting of a portion of the spectrum corresponding to the
methyl signal using a plurality of model functions, each model function correspending to
a given particle size assoctated to a lipoprotein fraction and subelass and including at least
10 one model parameter to be estimated during the fitting, the estimated model parameters
being the set of model parameters for which the difference between the NMR signal and
the model signal built as a linear combmation of the model functions is minimized, and
- identifying the lipoproteins present in the sample as those associated to the modet
functions contributing to the theoretical model signal resulting from the fitting,
I5  wherein each model function is a triplet of lorentzian functions having the form:
Triplet = Lorentzian{h,, f — f5.w,D) + Lorentzian{h,, f.w,D}
+ Lorentzian(hg, f + fo,w, D),
where A(au), Appm), w{ppm), and D(cm’s™") are, respectively, the intensity, chemical
shift, width, and diffusion coefficient associated to a lipoprotein particle size, wherein the
20 model parameters to be determined for each lipoprotein particle size are one or several
from: f, fo, by, Ry, e, w and D,

wherein for each model function:

sy 1 3
hlmfx-hz,wﬁnzia ﬁ;,and

iy L 3
h3:ﬁ‘h2,W1th Z Eﬁ Ez,

25  wherein the surface fitting 1s performed fixing at least one model parameter and using at
least one other model parameter as a free parameter to be determined in the surface fitting,
wherein the fixed model parameters are determined based on the lipoprotein particle size
and on regression models, the regression models relating pairs of fixed model parameters
and/or a model parameter and the lipoprotein particle size and being built according to

30 the following steps:

- oblaining a 2D diffusion-ordered "H NMR spectrum for a plurality of samples;

- performing, for each sample, a surface fitting of a portion of the spectrum corresponding

Date regue / Date received 2022-02-07
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to the methyl signal using a plurality of model functions, each model function being
dependent on the model parameters to be fixed, wherein all the model parameters to he
fixed are estimated during the surface fitting as the set of model parameters for which the
difference between the NMR signal and the model signal built as a linear combination of
the model functions is minimized, and

- using the model parameters estimated in the previous step to build regression models
relating pairs of model parameters and/or 2 model parameter and the lipoprotein particle

size.

2. The in vitre method according to claim 1, wherein the triplets of lorentzian functions
have the form:
Triplet = Lorentzian{h,, f — fo, w, D) + Lorentzian(h,, f,w,D)
+ Lorentzian(hy, f + fo.w, D)

3. The in vitro method according to any one of claims | to 2, wherein
h
hy = -f, and/or

fo = 0.01 ppm.

4. The in vitro method according to any one of claims 1 to 3, wherein the lipoproten
particle sizes arc defined based on NMR, HPLC, Gradient Gel Electrophoresis or Atomic

Force Microscope experiments.

5. The in vitro method according to any one of claims 1 to 4, wheremn at least one of the
chemical shnfts, width, and diffusion coefficient is fixed and at least the signal intensity

of the central lorentzian (h,) 1s used as a free parameter.

6. The in vitro method according to any one of claims 1 to 5, wherein the plurality of
samples used to build the regression models comprise at least 100 samples and a
percentage of at least 9% of the samples corresponds to individuals having a profile of
diabetes mellitus and at least 25% of these patients having a profile of atherogenic

dyshpidaema.

Date regue / Date received 2022-02-07
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7. The in vitro method according to any one of claims 1 to 6, wherein the diffusion
coefficient of the madel functions is estimated from the lipoprotein particle size by means

of the Einstein Stokes equation

b= kT
~ 6nnRy

5  with 4 (J K') being Boltzmann constant, 7 (K) temperature, 5 (Pa s) viscosity and Ry (A)

the lipoprotein particle size.

8. The in vitra method according to any one of claims 1 to 7, the method further including
correcting the estimated diffusion coefficients to take into account dilution effects, based
10 on a relation between the NMR area and the diffusion coefficient obtained for several
dilutions of a sample wherein the sum of the concentration of total cholesterol and

triglycerides of said sample is higher than 300 mg/dL.

9. The in vitro method according to any one of claims 1 to 8, further comprising
15 determining one or more of: average size of lipoprotein particle fractions, average size of
lipoprotein particle subclasses, fraction and/or subclass lipoprotein particle concentration,
lipid concentration of at least one lipoprotein particle fraction and/or lipid concentration

of at least one lipoprotein particle subclass.

20 10. The in vitro method according 1o claim 9, wherein the average particle size of a
lipoprotein particle fraction is determined as:
n
Lj=1R; = PN,
n
21 PN,

n being the number of lipoprotein particle subclasses included in the lipoprotein particle

Size (A) =

fraction, R(A) being the lipoprotein particle size and PN; being the particle number for
25  said lipoprotein particle size, wherein the particle number (PN) for a lipoprotein ; is

determined as:

PN, o
}
R}

with A(au) being the area associated to each model function.

30 1} The in vitro method according to any one of claims | 1o 10, wherein the area

Date regue / Date received 2022-02-07
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associated to a lipoprotein model function is corrected to consider only the contribution

of the lipids included in the lipoprotein particle core.

12. The in vitro method according claim 11 wheremn the corrected area (4 '} is determined
5 using the following expression:
9 (R =9
[(O-R-—5)H+6-p - (R —(R—s))]

with 4 (au) and R(A) being respectively the area and lipoprotein particle size associated

A=A

to each model function, s(A) being the lipoprotein particle shell thickness and p being the
ratio of protein mass in the shell of the particle relative to the total mass in the particle
10 shell

13. The in vitro method according to any one of claims | to 5, wherein the model
functions uscd to build the regression modcls are lorentzian function triplets of the form:
Triplet; = Lorentzian(hy;, f; — fo; Wy, D;) + Loventzian(hy;, f;,w;, D))

15 + Lorentzian(hs,, f; + fo;, w;, D;).

Date regue / Date received 2022-02-07
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