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Abstract:

Flow cytometry is a technology that has helped to rapidly advance many diverse areas of
science by allowing the simultaneous measurement of multiple characteristics of each of the
individual particles or cells in a sample as they pass at high speed through an area illuminated
by one or more lasers. The information obtained includes data on the size and internal
complexity, as well as other parameters inherent to each of the particles present in the sample,
which are captured by the equipment as light signals. The most common particles analyzed
in flow cytometers are cells, so the expression of molecules on their surface and inside,
viability, functionality, cell proliferation, DNA content, cytokine production and many others
can be analyzed. These determinations can be carried out by using antibodies coupled to
fluorochromes or by using molecules whose fluorescence depends on the characteristic to be
evaluated. Some flow cytometers are also sorters, which means that the equipment can
physically sort those cells that exhibit the characteristics of interest; in addition, it is feasible
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that once they have been purified, they can be used in subsequent experiments. This review
focuses on the fundamentals of flow cytometry and its main applications, which offer a great
window of opportunity in the veterinary field, both in research and in the clinic.
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General information on flow cytometry

Flow cytometry (FC) allows the simultaneous analysis of several individual characteristics
of cells or particles in suspension as they pass through one or more laser light beams. Flow
cytometers can read thousands of cells per second with the possibility of regulating the speed
of analysis, so that multiparametric analysis and the speed at which it is performed are two
of its main and most powerful advantages. The type of sample that can be used is very diverse
and includes blood, purified cell populations, cell lines, cell suspensions from solid organs,
nuclei extracted from paraffin blocks, cell organelles, liposomes, extracellular vesicles, and
body fluids, among others. The cells that can be studied in a flow cytometer can come from
different animal and plant species, and it is even possible to perform studies directly on
microorganisms-). Due to the possibility of studying also inert particles, it is feasible to
analyze and quantify molecules in solution, which can be in samples of serum, plasma, urine,
cerebrospinal fluid, colostrum, semen, culture supernatants, etc.®7.

Given its great versatility, FC is currently one of the most widely used techniques in several
areas. The relevance of its contributions and the transcendence of the results obtained has led
to the integration of national and international associations that have made it possible to share
information and establish unified protocols (Optimized Multicolor Immunofluorescence
Panels, "OMIP") for various applications, mainly those related to the characterization of cell
populations and clinical diagnostics, some of which are focused on the veterinary field®?,
as well as specialized magazines on the subject such as "Cytometry"®?. The use of this
technology in the veterinary field has been increasing slowly and gradually; multiple
applications have been reported not only in research but also in the clinic, both for companion
animals and wildlife animals. The aspects of veterinary medicine that have benefited most
from FC are diagnosis, prognosis and artificial insemination*>1%_ Unfortunately, in Mexico,
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its use in the veterinary clinic is scarce, as no laboratories have any of these devices. And
although, in the area of veterinary research, several educational institutions do have
equipment in which this type of analysis can be carried out, little use is made of this
technology. For this reason, in the present document, it was intend to emphasize its versatility
and make known the multiple areas of opportunity that exist in the veterinary field to benefit
from all the applications of flow cytometry, especially in the clinic.

Fundamentals of flow cytometry

Properties that can be measured by a flow cytometer include the size, internal complexity
and fluorescence intensity of the cells analyzed. All these parameters are determined on a
relative basis and no absolute values are generated, unless reference standards and controls
are used®2Y, The particles or cells to be analyzed must be in suspension, so that they are
picked up by the equipment and directed to a physical space called by some authors as
"interrogation point™, which is the place where the laser beam or beams of the equipment hit
the cells (Figure 1A). When the laser beam hits individual cells in the sample, it causes the
light to be scattered in various directions, which provides information about their relative
size and complexity (Figure 1B); if there are also fluorescent molecules present in the cell,
the equipment captures the fluorescence emitted by these molecules, which can provide
information about the expression of molecules and some cellular functions, among other
characteristics, as detailed below (Figure 1C). The magnitude of each of the signals for size,
complexity and fluorescence is recorded for each and every cell in the sample that passes
through the laser beam, which allows this technology to perform an individual cell-by-cell
analysis. Finally, the emitted signals are collected and transformed into values that can be
analyzed by a computer and easily interpreted by the users (Figure 1C) @2,
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Figure 1: General operation of a flow cytometer
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The sample is taken to the physical site, called the interrogation point, where the laser beam hits each of the
cells. The alignment of the cells is achieved thanks to the pressure difference at which the solution circulates
outside the sample (sheath fluid), generating the hydrodynamic focusing of the cells (A). When the laser beam
hits each cell, it is deflected based on the cell’s size and internal complexity; these signals are detected in the
forward scatter (FSC) and side scatter (SSC) detectors, respectively (B). Detectors of size and complexity, as
well as detectors that pick up fluorescent signals, take the information to a computer in order to display it in
easy-to-interpret graphs (C). Image partially created with BioRender.

Components of a flow cytometer

Flow cytometers are composed of three main systems: fluid system, optical system and
electronic system®23),

The fluid system takes the sample and directs the cells to the interrogation point. In order for
the particles to be best illuminated, they must pass one by one through the center of the laser
beam. This is achieved thanks to the hydrodynamic approach, which favors the alignment of
the cells in the flow thanks to the pressure difference between the cell suspension and the
liquid on the outside, called sheath fluid, as shown in Figure 1A@425),

The optical system is composed of two systems, the excitation system (laser beams) and the
signal collector®®, When the laser encounters a cell, it is scattered depending on the physical
properties of the cell, in particular its size and internal complexity. The scattered light is
captured by a front-end detector (forward scatter = FSC), and the value reported is
proportional to the cell surface or size of the illuminated particle. On the other hand, the
laterally scattered light is captured by another detector located at 90° to the laser (side scatter
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= SSC), in this case, the value generated is proportional to the internal complexity of the cell
or particle®23, A representative scheme is shown in Figure 1B. Based on the FSC and SSC
values of each cell in the sample, the electronic system of the cytometers constructs graphs
that allow to place in different positions those cells in the sample that have sufficient
differences between them in terms of their size or complexity. l.e., if is taken a peripheral
blood sample, lyse its erythrocytes, and pass it through a cytometer, lymphocytes will appear
in the graph in a different position than neutrophils, since the former are small and their
internal complexity is low, while neutrophils are larger and are more complex inside because
their nucleus is multilobed and has a large number of granules (Figure 1C)*2, It is worth
mentioning that the location on the FSC and SSC graph does not give the identification of
the cell populations; as will be seen later, the use of antibodies is required in order to precisely
define the identity of the cells present and the proportion in which each one is found in the
sample being analyzed.

The electronic system is responsible for converting the optical signals into proportional
electronic signals or voltage pulses. Light signals are generated as each cell passes through
the laser beam. These light signals are transformed into electronic signals by photodetectors
and, based on their intensity, are assigned a relative value on a scale. Signals with identical
intensities accumulate at the same scale value, which increases the peak height and signals
with higher intensities are plotted at higher values on the graph scale. Finally, all these values
are presented in such a way that users can interpret the results obtained with the equipment,
as shown below@?2527),

In addition to the information that can be obtained about cells or particles with respect to
their size and internal complexity, information about other characteristics can be analysed
based on fluorescent signals®®. A fluorescent compound or fluorochrome is capable of
absorbing light within a certain range of wavelengths and, consequently, of emitting at a
wavelength longer than the absorption wavelength. The range of wavelengths in which a
fluorescent compound can be excited is called the absorption spectrum, and the range of
wavelengths of the photons emitted is called the emission spectrum®®,

The fluorescence that can be detected in a cytometer can be intrinsic or extrinsic, i.e. it can
come from molecules that are part of the cell (riboflavin, NADPH, tryptophan, tyrosine, etc.)
and are therefore often referred to as autofluorescence, or it can come from some fluorescent
reagent that was added to the sample®. The most commonly used reagents in FC are
antibodies, which bind to the molecule against which they are manufactured and which they
are meant to detect. These antibodies, called primary antibodies, may be labeled with a
fluorochrome (Figure 2A) or require a second antibody, or secondary antibody, that will
recognize the primary antibody, and the secondary antibody may be the one that is conjugated
to the fluorochrome (Figure 2B)?®. Some of the applications of cytometry may use as tools,
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instead of antibodies, molecules whose emission wavelength or fluorescence intensity
depends on the cellular characteristic to be evaluated (Figure 2C).

Figure 2: Flow cytometry staining with antibodies and fluorescent molecules
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The expression of molecules in cells can be analyzed using cell-specific antibodies, which can be linked to a
fluorochrome (green star) (A), or it may require a second antibody coupled to a fluorochrome to recognize the
primary antibody (B). For some applications, molecules whose fluorescence indicates certain characteristic or
function of the cell are used. The use of propidium iodide (PI), a fluorescent molecule added to the sample is
exemplified in (C); living cells do not allow the fluorochrome to pass into their interior and therefore, they do

not fluoresce, unlike dead cells, whose membrane is damaged and allows PI to pass through, staining the
nucleic acids of the cell.

Current FC is considered multiparametric because it is possible to evaluate, in addition to
size and complexity, several phenotypic and functional characteristics in the same cell
simultaneously®?>?9. The number of fluorochromes and, consequently, the number of
characteristics that can be analyzed in the same sample depends on the model and
configuration of the cytometer used, as well as on the characteristics of each fluorochrome
to be utilized.

The most commonly used laser in CF is the argon laser, which has a wavelength of 488 nm
(blue). Most current flow cytometers have more than one laser beam, which increases their
analytical potential and versatility®®. The fluorochromes used in a cytometer are those that
can be excited by one of the equipment's lasers beams and captured by its fluorescence
detectors. The wavelengths captured by each fluorescence detector are defined by the filters
in the equipment. Some applications that facilitate the selection of fluorochromes based on
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the configuration of the available equipment include BD Bioscience Spectrum Viewer,
Biolegend Spectra Analyzer, FluoroFinder, and ThermoFisher Fluorescence Spectra Viewer.

Types of graphs and their interpretation

The data provided by flow cytometers for each and every cell in a sample must be presented
in a way that makes interpretation easy, fast and integrative. Histograms are used to analyze
a single parameter captured by the equipment, which is displayed on the x-axis, while the y-
axis represents the number of events —cells or particles that meet that characteristic.
Histograms are actually frequency graphs (Figure 3). With this type of graph, it is possible
to distinguish between events that have the characteristic evaluated on the x-axis and those
that do not have it. The simplest interpretation of this type of graph is all or nothing, i.e.,
either it has or does not have the molecule to be identified; however, the usefulness of this
type of graph goes beyond this, since it allows to know how much it expresses it and to
compare expression levels of a molecule between cells of the same sample or between
samples that are in different conditions. In order to establish the percentage of positive cells
for the label, a sample to which the fluorescent label was not added must be given to the
cytometer to serve as a reference point between negative and positive signal. Figure 3 shows
an example in which the expression of the CD3 molecule is evaluated in the cells of a sample.
Figure 3A shows the histogram of an unstained sample, which implies that, when reading a
stained sample, all cells appearing on the right (in the values of the scale comprising M1,
Figures 3B and 3C) will be positive for the mark being determined, whereby it is possible to
obtain the percentage of these cells2330),

Figure 3: Unidimensional analysis
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Histograms display only one feature at a time. In order to find out if the cells express the molecule
of interest (CD3), first, a sample that has not been stained is introduced (A) and it establishes the
values on the scale at which the cells will be considered positive (M1). Histograms (B) and (C) are
shown for two different stained samples with 25 % and 70 % of cells expressing the CD3 molecule,
respectively.
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Dot plots, density plots, or contour plots are examples of graphs that allow two parameters
to be correlated at the same time, one plotted on the x-axis, and the other, on the y-axis. The
difference between these plots is the way in which the interaction is presented. The location
of each cell on the graph is similar to what happens with coordinates on a Cartesian plane,
where the position of each cell will depend on its individual values for the characteristic
plotted on x and for the one plotted on y (Figure 4A). With this type of representation, is
possible distinguish at least four possibilities: cells that exhibit neither of the two
characteristics being evaluated and are located in the lower left quadrant; those that exhibit
only one or the other and will, therefore, be displayed in the upper left or lower right
quadrants, and those that exhibit both and are therefore located in the upper right quadrant
(Figure 4B). When the results are analyzed, the flow cytometer will report the percentage of
cells that have the characteristic(s) of interest®®®9, Figures 4C-E show the biparametric
analysis of a thymus suspension stained with an anti-CD4-FITC antibody (feature 1) and an
anti-CD8-PE antibody (feature 2). It can be observed that the sample comprises 4 % of cells
expressing neither CD4 molecule nor CD8 molecule, 17 % expressing only CD4, 6 %
expressing only CD8, and 73 % of cells expressing both CD4 and CD8. Visualization of the
expression and coexpression of both molecules can be done in dot plots (Figure 4C), density
plots (Figure 4D), or contour plots (Figure 4E).

Figure 4: Two-dimensional analysis
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Two characteristics are displayed simultaneously, and correlations can be established between them. Each cell
(point) has a value on the x and y-axis, as on a Cartesian plane (A); General interpretation for two-
dimensional plots (B); Examples of two-dimensional plots: Dot plot (C), density plot (D) and contour plot (E)
of the same sample.

Undoubtedly, one of the areas of greatest progress in recent years in FC has to do with the
development of increasingly robust software, which utilizes data mining and machine
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learning to make complex multivariate analysis possible. This has frequently allowed finding
FC results organized in heat maps or in principal component analysis, among many other
strategies, thanks to which the analysis of many parameters can be integrated into a single
graph and to compare the results between individuals or conditions. The files generated by
flow cytometers use the ".fcs" (flow cytometry standard) file format, which facilitates the
analysis of files generated on different platforms, regardless of the flow cytometer on which
the samples were acquired®?3132),

“Cell sorting”

Some flow cytometers are capable of sorting, that is, of enriching a particular population,
which is physically separated from the rest of the cells in the sample; at the end, the purified
or enriched population or populations of interest are obtained aseptically in individual tubes
or in the wells of culture plates, with the option of performing subsequent studies with the
cells thus obtained, such as microscopy, cell culture and molecular biology analyses, among
others®334),

Classical applications of flow cytometry

As mentioned above, FC is an extremely versatile technology that evaluates several
parameters simultaneously in each cell, allowing correlations to be established between them.
Not only can FC analyze the presence of molecules on the surface or inside cells: it can also
quantify them. It is possible to perform functional tests, biological evaluations of compounds
in both eukaryotic and prokaryotic cells, purify cell populations even when they are present
in a low proportion in the sample, or quantify soluble molecules and evaluate cell
proliferation, cell viability, cell death, metabolic activity and intracellular signaling, just to
mention some of them; Another very important aspect is that, by being able to evaluate many
of these characteristics simultaneously, the sample volume required is reduced®>3®, The
techniques described below have application in both human and veterinary medicine, and
within the latter, both in domestic animals and wildlife. It is worth mentioning that, on some
occasions, the limitation is the availability in the market of antibodies that recognize specific
molecules of the different animal species, but given the importance of the results that can be
obtained by FC, the availability of antibodies with different specificities has grown in recent
years, facilitating the work in the veterinary area both in research and in the clinic, especially
for diagnosis. In addition, interspecies reactivity of different antibodies has been reported,
which allows their use even in those for which they were not originally produced®?.
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Immunophenotype

Immunophenotyping refers to the characterization of cell populations based on the molecules
expressed by a cell, allowing their identification through the use of antibodies®®. In order to
perform an immunophenotyping study, the antibodies used recognize particular molecules in
the cells; based on their presence or absence, or on their level of expression, the identification
or characterization is performed. It must keep in mind that there are molecules that are
expressed in several cell types, while the expression of others is exclusive to certain cell
populations or subpopulations, which implies that a correct selection of antibodies must be
made. It should be taken into account that the molecules that identify each cell population
may depend on the animal species being worked with®8-42),

The detection of the different molecules of interest is performed using antibodies labeled
with fluorochromes, so if a beam of light that excites the fluorochrome is shone on it, it will
emit fluorescence at a certain wavelength that will be captured by a detector which will then
identify the fluorochrome and, consequently, the molecule to which the antibody was bound.
Identification or characterization of cell populations can be as detailed as needed. Some
cytometers, as previously mentioned, only allow the simultaneous evaluation of 1-4
parameters based on fluorescence, i.e. only a maximum of four antibodies that recognize
different molecules can be used, while in other equipment, the expression of more than 20
molecules can be studied in the same tube, which expands the possibilities and the detail of
the characterization and quantification of cell populations®®. Figures 4C-E are examples of
immunophenotyping of different samples using two antibodies: an anti-CD4 and an anti-
CDs.

Immunophenotyping has proved to be of vital importance in the diagnosis and prognosis of
several veterinary diseases and a very adequate complement to the conventional
morphological study. It is feasible to detect modifications in the proportions of the different
cell populations, as well as to characterize neoplastic cells based on their phenotypic
markers“®, which allows an accurate diagnosis to be made. Currently, one of the main uses
of immunophenotyping has been in the detection and characterization of hemato-oncological
processes, both lympho- and myeloproliferative in small species®!41644  As an example, it
can be mentioned the case of canine lymphomas, which are the most frequent type of
hematological tumor; 30 to 40% are T-cell lymphomas, and the rest are B-cell lymphomas,
which can be differentiated according to the phenotypic markers they present. The antibody
panels utilized can lead to a finer characterization that allows, if necessary, to identify even
different subtypes. Information on the antibodies, the phenotypic markers of each population
and cell subpopulation, as well as the analysis strategy can be consulted in different papers
published recently®, in which it is mentioned that FC can also be used to follow up on the
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treatment and detect in these animals minimal residual disease, which may indicate a relapse.
Thanks to FC, certain phenotypes with a worse prognosis have been identified“.
Interestingly, some antibodies obtained for humans show cross-reactivity with canine
antigens, which allows their use. The rapidity with which the diagnosis can be obtained is an
additional advantage.

On the other hand, in dairy herds, the quantification of somatic cells in milk is a common
strategy to detect the presence of clinical and subclinical infections in cows. FC allows a
differential count of the cell populations and subpopulations present in milk, which has been
suggested as an excellent alternative to identify inflammatory processes in the udder, even
when somatic cell counts are low. Early detection of infectious processes prevents their
progression and thus, produces changes in the quantity and quality of milk, reducing possible
economic losses040),

Cell viability

Determining the viability of the cells in a sample allows to assess the state in which they are,
a factor that can constitute an internal quality control within the laboratory“”4®). The viability
of the cells in a sample depends on many factors, including the collection procedure, transport
(if necessary), sample processing during staining, storage, etc., so that if the sample exhibits
low viability, it is necessary to determine which factor or factors are affecting this biological
parameter. It is important to mention that the presence of dead cells in a sample favors the
binding of antibodies independently of their specificity, so if dead cells are not removed from
the analysis, they can lead to erroneous results and conclusions due to the presence of false-
positive events“49, On the other hand, it is possible that there is a decrease in viability (and
therefore an increase in cell death) as a consequence of infection, treatment with
chemotherapeutics, in vitro cell stimulation, etc., an event that should attract attention and
require a detailed study of the causes and implications. In the particular case of
chemotherapeutics, an increase in the percentage of dead cells may indicate a good response
to treatment.

Reagents to quantify the percentage of viability (or cell death) or to exclude dead cells from
a FC assay fall into two main groups. In the first case, the rationale implies that since dead
cells have a damaged cell membrane, the fluorochrome enters and stains the dead cell,
whereas living cells do not pick up the fluorochrome because their membrane is intact, and
the two can be distinguished as stained and unstained, respectively (Figure 2C). Examples of
such molecules are propidium iodide (PI1) and 7-amino, actinomycin D (7-AAD); once
stained, the cells cannot be fixed. In the second case, once the reagent is added, it is washed
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and the cells are fixated, which means that the reading in the cytometer does not have to be
carried out immediately, and the samples can be stored. In this case, the fluorescent molecules
used are covalently bound to cell proteins. In living cells, since the membrane is intact, the
only proteins that will react with the reagent will be those on the surface. In the case of dead
cells, the reagent will also react with the proteins inside the cell and stain them more intensely
than live cells, making it possible to distinguish between them®-*9, The graphs obtained in
both cases and their interpretation are similar regardless of the type of reagent used. The
determination of sperm viability before and after the cryopreservation process is an example
of the routine use of this application of FC and constitutes an indispensable evaluation in
artificial insemination in different animal species®-52),

Cell death

The study of cell death and the possible mechanisms that can induce it has been a topic of
great interest. Since the description of apoptosis and subsequently of all the other
mechanisms described to date, the techniques to demonstrate, quantify and characterize
apoptosis have increased year by year, given the greater knowledge of the signaling pathways
that are activated and lead to cell death®®5354),

Cell death can be studied generally from two perspectives. The first involves establishing the
percentage of dead cells in a cell suspension, as well as to establish the effect of different
stimuli without the mechanism of death being of interest. This type of determinations is very
common when performing biological activity studies of new molecules with possible
antibiotic or antineoplastic activity. For the above, stainings similar to those described for
viability are performed, but what is reported is the percentage of dead cells in the sample
analyzed and, as already mentioned, the studies can be performed not only on infected
eukaryotic cells, but also on microorganisms directly, which is very helpful for antibiotic
resistance studies and the evaluation of new antimicrobial molecules®>%.

When it is necessary to identify the mechanism of cell death, it is important to establish a
strategy to separate the potential biological events involved in cell death, such as the
expression of specific molecules of each death mechanism, the activation of enzymes, the
alteration of cellular functions such as mitochondrial membrane potential and the production
of reactive oxygen species, the rearrangement of phospholipids in the membrane, the
fragmentation of DNA, and the production of reactive oxygen species, etc. These events are
related to the different types of cell death described so far and the signaling pathways that
are activated in each one®3%". To date, more than ten different mechanisms of cell death are
known, some of which are interconnected. One of the most frequent uses of cell death
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analysis in the veterinary field is to complete the study of semen quality in different animal
species®?).

Functional tests

FC also allows the functional capacity of cells to be evaluated; the detection of alterations in
the normal capacities of cells can be indicative of pathologies, and their identification can
aid in the diagnosis. The following are some of the techniques most commonly used and
reported in the literature.

Phagocytosis. Phagocytosis is part of the innate immune response mechanisms that allows
the containment of infections, that alterations in any of the steps of this process have
repercussions on the health of the animals. Neutrophils are the most abundant phagocytic
cells in the blood circulation of many mammals, although their proportion may vary; in most
carnivores and horses they account for more than 50 % of the cells in blood, in pigs they are
at 50 %, while in rodents and ruminants, they are at an average of 25 %. In reptiles, birds,
rabbits and fish, phagocytic cells are called heterophils, and their percentage is variable
among them®®),

FC allows the study of phagocytosis from several points of view; the most common is by
measuring the capacity to phagocytose particles or by evidencing the intracellular
biochemical changes that occur in the cells after phagocytosis and that lead to the intracellular
destruction of the microorganisms. In the first case, bioindicators such as bacteria or yeast
can be used, or inert particles coupled to a fluorochrome, so that the percentage of cells that
phagocytose and the level of phagocytosis can be determined®®. In addition, it is feasible to
monitor the pH change once the biomarkers or inert particles have been phagocytosed. For
this purpose, fluorescent probes sensitive to pH changes are used, which allows monitoring
each stage of the phagocytosis process, from the formation of phagosomes to their fusion
with lysosomes (phagolysosomes), given the differences in the pH between the two
compartments (pH 6.7 and 4.7, respectively)®®®D, This type of analysis allows the detection
of alterations in phagocytosis, which have been reported in veterinary diseases such as
anaplasmosis, chlamydiosis, canine parvovirus, leukocyte adhesion deficiency, and chronic
granulomatous disease, among others®862),

Cell activation. Activation of cells is the result of their interaction with foreign agents or
mitogens and may occur in vivo or in vitro; in some cases, activation is manifested by the
expression de novo, or as increased basal expression of characteristic molecules, and may or
may not be accompanied by cell proliferation and synthesis of soluble molecules such as
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cytokines and chemokines that are released into the microenvironment, among other events.
The detection of activated cells in an organism implies that an immune response is being
elicited either against a microorganism or against a vaccine agent, and, together with
immunophenotyping, it can provide important information in cases of infectious diseases.

Proliferation. Cell proliferation can be assessed in vitro and in vivo by adding nucleotide
analogues such as bromodeoxyuridine (BrdU) so that, if there is proliferation and, therefore,
DNA synthesis, this molecule is incorporated into the new nucleic acid chains. Antibodies
directed against BrdU labeled with fluorochromes are used to determine whether the
molecule was incorporated; thus, if the cells proliferated, they will give a fluorescent signal,
and then it will be possible to quantify the percentage of positive cells®. It is worth
mentioning that BrdU has other uses, such as evidencing DNA fragmentation; therefore, the
rationale for its use in each case and the interpretation of the results should not be confused.

Another technique used is DNA analysis. In this case, molecules are used that bind to DNA
in a stoichiometric manner and therefore fluoresce with an intensity that is proportional to
the nucleic acid content®¥; thus, cells that are in the GO or G1 phase of the cell cycle will be
located at a value on the scale that is half the value at which cells in early G2 or mitosis (M)
phase, prior to cytokinesis, are located. Cells that are in the different stages of the S phase,
i.e. from the beginning to the end of the duplication of genetic material, will be located
between the position of cells in GO/G1 and G2/M (Figure 5A). When a cell population is
proliferating, as occurs in cancer, the percentage of cells in S phase and in G2/M will increase
with respect to the control sample in which there is no proliferation. In this case,
permeabilization of the cells is also necessary so that the fluorochrome can enter the nucleus
and bind to the DNA. Among the most commonly used molecules are PI, 7-amino-
actinomycin D (7-AAD) and Hoechst 33342. The study of the cell cycle can be extended and
completed with the analysis of molecules involved in each of the phases of the cycle by using
the multiparametric potential of the FC. It is worth mentioning that this type of analysis can
also identify the presence of cells with fragmented DNA, which appear in what is known as
the "Sub-GO peak" (Figure 5B), which correlates with some types of cell death. With this
technique it is also possible to assess genome stability by comparing the ploidy of the GO/G1
peak between tumor cells and healthy cells®*®®. In addition to the above, and as mentioned
below, this technique allows distinguishing between X and Y spermatozoa based on their
DNA content.

Perhaps the most widely used technique to assess proliferation is the carboxyfluorescein
diacetate succinimidyl ester (CFSE) dilution assay. This technique utilizes the compound
CFDA, which is non-fluorescent and lipophilic and can penetrate the cell membrane; once
inside, the action of esterases in living cells converts it into CFSE, which fluoresces. This
molecule binds to cellular proteins, leaving all the cells in the sample marked; if the cells
proliferate, each of the daughter cells will have half the fluorochrome of the cell from which
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it came, whereby it will be possible to establish the percentage of proliferating cells and
proliferation cycles based on the progressive dilution or reduction of the label with each cell
division(®®),

Figure 5: DNA content analysis

G0/G1 Sub-GOGO/Gl
A - 1 B .1 I |

mmoo
.o

s M B s om
o R

T
>

Propidium iodide

Cells are fixed and stained with propidium iodide. DNA analysis allows quantification of the percentage of
cells in different phases of the cell cycle: GO/G1, S and G2/M based on the relative DNA content. The
intensity of the staining is directly proportional to the amount of DNA in the cells at each stage (A). This type
of analysis also makes it possible to quantify the percentage of cells with fragmented DNA, a peak identified
as Sub-GO0 (B).

In addition to the above, the expression of Ki67, a molecule located in the nucleus that is
associated with cell proliferation, can be detected using an antibody directed against it as
proposed in OMIP-065(14, which is the first optimized FC staining panel specific for dogs.
Ki67 detection has been associated with the most aggressive canine cancers and can therefore
be taken as a prognostic biomarker®?,

Cytokine production. Cytokines are soluble molecules that are synthesized in response to a
stimulus, and their main function is cell-to-cell communication. There are two general
strategies to detect cytokine production: one that detects them intracellularly, allowing
simultaneous identification of the producing cells®®, and one in which they can be quantified
in a solution once they have been released into the microenvironment in which they are found
(plasma, serum or other body fluid, or in the culture medium if it is an in vitro system). In
the latter strategy, it is not possible to know which cell produced them unless the cells have
been previously purified. In the first case, a reagent that prevents the secretion of cytokines
such as brefeldin or monensin must be added to the cells, which are then permeabilized, after
which antibodies labeled with fluorochromes directed against the cytokines to be determined
are added®. In the second case, the detection is made in a solution —either in a body fluid
or in the culture medium. This strategy utilizes particles that have two characteristics; they
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emit fluorescence and, attached to their surface, they have antibodies directed against the
cytokine or molecule of interest, which will act as capture antibodies (Figure 6A). The
particles, or beads, as they are also known, have a particular fluorescence intensity depending
on the molecule recognized by the antibodies on their surface, so that several soluble
molecules can be detected in the same sample(.

Soluble molecules are quantified based on the fluorescence intensity emitted by a reporter
antibody added at the end and coupled to a fluorochrome different from that of the bead;
Consequently, the fluorescence intensity of the reporter antibody is directly proportional to
the concentration of the molecule under study (Figure 6B-D). Thanks to the use of standards
of known concentration of each molecule to be quantified, the concentration present in the
sample can be obtained. Based on the above, the analysis of the results is biparametric: the
intensity of the bead identifies the molecule to be quantified, and the fluorescence intensity
of the reporter antibody, its concentration in the sample.

Figure 6: Pearl arrangements
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The most common ones utilize fluorescent inert particles (red circle) to which capture antibodies for the
molecule to be quantified are attached (A). If the soluble molecule to be quantified (green circle) is present in
the sample, it will bind to the antibodies. In the last step, a "reporter" antibody is added, which is bound to a
fluorochrome (orange star) that is different from that of the bead, and, consequently, its fluorescence intensity
will be proportional to the amount of molecule to be quantified. In this application, there are standards of
known concentration; therefore, it is a quantitative technique. In B, C and D, three possible results of a bead
array are schematized. Sample that does not have the molecule to be quantified (A), sample that has the
molecule, but in a small quantity (C), and sample that has a high concentration of the molecule (D). The
concentration is directly proportional to the fluorescence intensity emitted by the reporter antibody. Beads
with capture antibodies for different molecules are used in the same assay. Image created with BioRender.
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Commercial kits known as "bead arrays” or "bead-based multiplex assays™ for quantifying
molecules in a solution are available on the market. Unlike ELISA assays, in which a given
volume of sample is used to quantify each molecule, here, multiple molecules can be
analyzed simultaneously with the same volume®7., Given their great versatility and potential
in several areas, equipment has been developed for the reading of this type of assays that can
detect up to 500 soluble molecules with a maximum sample volume of 50 ul, which can be
chosen and requested from the manufacturer, based on the particular needs of the buyer.
Although commercial supply is still limited in the veterinary field, Christopher-Hennings et
al. have proposed this type of assay as an excellent alternative for the quantification of
cytokines, chemokines, hormones, pathogens and antibodies in the veterinary field7. As an
example of this, we can mention the serological diagnosis of leishmaniasis in dogs, in which
recombinant antigens of the parasite are attached to the beads, rather than to capture
antibodies, and what is detected in the sample are antibodies, so that the reporter antibodies
recognize the canine antibodies present in the sample(2.

Sperm sexing. Based on DNA analysis, X chromosomes can be differentiated from Y
chromosomes in a sperm sample of any animal species, since the former have a higher
content of genetic material. It is estimated that, in general terms, this difference is
approximately 3 to 4 %, and, given the high sensitivity of flow cytometers, the two types of
chromosomes can be differentiated and even physically separated into different tubes thanks
to the "sorter” function of some equipment, which attains a degree of purity of over 90 %.
Separated spermatozoa have been used in artificial insemination with varied results
depending on the animal species. It should not be forgotten that spermatozoa can be
evaluated for several of the parameters mentioned above, such as the expression of molecules
on their surface or intracellularly, the integrity of their membrane, the presence of molecules
involved in some of the types of cell death, etc. Therefore, the studies that can be performed
on spermatozoa go beyond DNA analysis, allowing studies on the quality and function of the
spermatozoa®?,

Concluding remarks

The main use of FC in the veterinary field is currently in research; the contributions that have
been made through the use of this technology have had a great impact on the knowledge of
cells, organs and systems under certain physiological and pathological conditions in different
species. The use of flow cytometers in the clinical area has many advantages, given their high
sensitivity, specificity and versatility in terms of the tests that can be performed with them.
The cost of these devices and reagents, in addition to their scarce availability, has become an
obstacle to their implementation in Mexico in veterinary medicine. Fortunately, both
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situations have been overcome thanks to the great demand for this kind of equipment in
different areas, which has reduced its price and expanded the availability of reagents, making
their use gradually more accessible and opening the possibility of their introduction into
veterinary clinical laboratories in our country. In Mexico, there are several alternatives for
training in FC, both theoretical and practical, which are provided in some universities in the
country, as well as at the National Laboratory of Flow Cytometry (Laboratorio Nacional de
Citometria de Flujo, LabNalCit) and in the Cytometry Chapter of the Mexican Society of
Immunology, the latter being a pioneer in the teaching and dissemination of the use of flow
cytometers and the correct interpretation of the results obtained with this technology.
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