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Real time PCR. Application in dengue studies
JEANETTE PrADA-ARISMENDY, MD, MSc', Jame E. CasTeLLANOS, OD, PHD?

SUMMARY

PCR (polymerase chain reaction) is a routinely used tool in every diagnostic and research laboratory. This technique has
been used in detection of mutations and pathogens, forensic investigation, and even is the base tool for human genome
sequencing. A modification of PCR technique, real time PCR, allows the quantification of nucleic acids with higher
sensibility, specificity and reproducibility. This article is intended to clarify the foundations of real-time PCR, using an
application model for virology. In the actual work, it was quantified the viral load of dengue virus serotype 2 produced from
infected murine macrophages; the obtained results in this work established that murine strain BALB/c presents a greater
susceptibility to dengue virus infection, which establishes BALB/c murine strain as a best model of study for investigation
of dengue virus infection physiopathology.
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PCR en tiempo real. Modelo de aplicacion en dengue
RESUMEN

Lareaccion en cadena de la polimerasa (PCR) es una herramienta usada de rutina en todos los laboratorios de diagndstico
e investigacion. Esta técnica se utiliza en deteccion de mutaciones y patdogenos, investigacion forense, e incluso es la base
para la secuenciacion del genoma humano. Una modificacion de la PCR, 1a PCR en tiempo real, permite la cuantificacion de
acidos nucléicos con mayor sensibilidad, especificidad y reproducibilidad. Este articulo pretende revisar los principios de
PCR en tiempo real y exponer un modelo de aplicacion en virologia en el que se cuantifico el numero de copias virales
producido a partir de macroéfagos murinos infectados con virus dengue 2; los resultados obtenidos establecieron que la cepa
murina BALB/c presenta una mayor susceptibilidad a la infeccion por virus dengue, lo que permite establecer esta cepa de
ratones como un mejor modelo de estudio para la investigacion de la fisiopatologia de la infeccion por virus dengue.
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Polymerase chain reaction (PCR) is a powerful tool
in the detection of minute quantities of nucleic acid.
Due to the exponential amplification of the target
sequence, this technique is highly sensitive, permitting
detection of less than 10 copies of any nucleic acid
template. PCR has become one of the most used tools
in research and diagnosis. In spite of its technical

versatility, its use as diagnostic tool has been limited
primarily to the field of virology, and only to a reduced
number of viruses, for which there are complete
commercial kits for the detection of their nucleic acids.

The PCR technique was first developed by Mullis'
in 1986 and since then, it has turned into a basic and
indispensable technique in any molecular biology
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laboratory. This technique calls for three great funda-
mental steps, which are: extraction of nucleic acids,
enzymatic amplification of anucleic acid fragment, and
detection of the amplified fragments through electro-
phoresis or another system. The whole process could
take approximately 24 hours, once it is completely
standardized®. In spite of the important contributions
made by PCR for the advancement of molecular biology,
this technique has some disadvantages like:

1. Relative low precision and sensitivity,

2. The amplified fragments are only differentiated by
size,

3. The need for post-PCR manipulation generates
contamination risk with apparition of false-positive
results,

4. In most cases, processing is not automated,

5. It only permits quantifying nucleic acids in small
ranges from 2-4 log, and

6. Measurements of the intensity of ethidium bromide-
stained products or other intercalators dyes are not
quantitative.

These reasons led to the need for establishing an
«improved» PCR system with greater versatility which
can overcome the difficulties of conventional PCR.
Northern blot techniques have also been extensively
used along with the RN Ase-protection assay to quantify
cell and tissue messenger RNA, notwithstanding their
low sensitivity and high complexity, as well as technical
difficulty. Developments of real-time PCR have
permitted quantifying genetic expression with greater
speed, sensitivity, and precision, even from very small
biological samples.

GENERALITIES OF REAL-TIME PCR

Quantification of target sequences via real-time
PCR or quantitative PCR (qPCR) is based on the
detection and measurement of amplified products
(amplicons) during each cycle of the amplification
reaction. This is accomplished through the continuous
determination ofthe fluorescence signal increase during
the reaction, which is directly proportional to the amount
of DNA presentat eachreaction moment. In conventional
PCR, the determination and quantification of the
amplicons is done from products accumulated at the
end of the PCR. Equipments for real-time PCR allow
detect the number of amplified products generated in
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each cycle of the logarithmic amplification phase;
hence, this technique has eliminated the need for sample
manipulation allowing total automation ofamplification
and detection systems, which minimizes contamination
risks®. The first development in real-time PCR was
proposed by Holland et al.#, who managed to develop
the fundamental principle of the technique, by taking
advantage of the 5’ to 3” exonuclease activity of Taq
polymerase enzyme. Inthis work, researchers introduced
onto the PCR reaction anon-extendable oligonucleotide
probe in its 3’ end and labeled with a radioactive
phosphorus molecule atthe 5’ end. During amplification,
the Taq polymerase exonuclease activity degrades the
probe into small fragments, whose amount was measured
via autoradiography and was directly proportional to
the initial number of target molecules of the reaction.
This technique is the basic principle used in real-time
PCR especially thatused in the detection system through
TagMan® probes, which will be discussed in detail
further ahead.

Later, Higuchi et al.> developed a methodology that
permitted simultaneous amplification and detection of
specific DNA sequences. Specific DNA sequences, by
adding the ethidium bromide DNA intercalator to PCR
reaction and coupling an optic fiber to each tube, which
permitted detecting the fluorescence in each cycle after
UV stimulation. Thus, the DNA quantification was
accomplished through the determination of the
fluorescence emitted by the amplicons as the enzymatic
reaction takes place, therefore, the greater the amounts
of DNA, the greater the fluorescence will be. Using the
same principle, this group carried out the detection and
identification of different alleles of a single gene by
employing specific primers and utilizing optimal
amplification conditions.

Stemming from this principle, the technique was
used for quantitative detection of mRNA products
(throughreverse transcriptionand PCR, RT-PCR) using
the double-stranded DNA (dsDNA) intercalator SYBR
Green I, which fluoresces at 520 nm when excited with
a 485 nm beam. This intercalating agent proved to be
not only more secure in its use, but also much more
sensitive than the ethidium bromide, presenting better
linear relationship between the amount of PCR products
and the fluorescence intensity®. Accordingto previously
reported data, the sensitivity of the SYBR green I in
real-time PCR is between 100 to 2000 times greater
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compared to conventional PCR7#,

Basically, equipments forreal-time PCR are common
thermo-cycler devices that have incorporated a light
source that excites the reaction tube and the sample at
the appropriate wavelength and a system to detect and
quantify the emitted fluorescence. In this way, it is
possibleto follow in real time, the change in the amount
of DNA generated in each cycle of the PCR by using the
software and computer connected to the thermocycler.
The pioneering equipment for the automation of this
technique was the ABIPrism 7700 Sequence Detection
System (Applied Biosystems) and the LightCycler
(Roche). The latter adopted the technology used in flow
cytometry to evaluate samples between 1-10 pl in glass
capillary tubes. This equipment permits rapid and
homogenous temperature control (10°C/s) along the
whole sample through the circulation of air. Now, the
systems include applications for quantification and
analysis of nucleic acid dissociation curves to confirm
the Tm of amplicons. One of the advantages of the
LightCycler equipment is its micro-volumetric capacity,
which permits analyzing scarce or difficult-to-obtain
samples®.

Currently, there are numerous instruments available
for real-time PCR. Differences among them lie on the
emission and excitation wavelengths, speed, and number
of reactions that can be simultaneously setted up. The
most popular systems are adapted to process 96-well
plates in parallel, among which are the systems from
Applied Biosystems 7300 and 7500; the Exicycler
system (Bioneer); the Chromo4, DNAEngine Opticon,
iCycler, iQ, MyiQ and the iQ5 (BioRad); the RealPlex
thermo-cycler (Eppendorf) and the Mx3000p, Mx3005p,
and Mx4000 instruments (Stratagene). Likewise, the
softwares connected to the real-time PCR thermocycler
have the same characteristics, like tools to configure
specific experiments and protocols, data processing,
including calculation of the threshold cycle and the
saturation of the base line. The cost of real-time PCR
equipment varies according to performance and to the
number of fluorochromes it is able to detect'’.

DEFINITION OF SOME TERMS USED IN
REAL-TIME PCR

FRET. Fluorescence resonance energy transfer
(FRET) refers to the mechanism of energy transference
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among fluorochromes. It is based on that the light
emitted by a fluorochrome can be transferred to another
one nearby. These two fluorophores must have
overlapping excitation and emission spectra, so that by
being sufficiently close, the energy of the donor
fluorophore is transferred to the receptor fluorophore.
As aresult of this transference, the mean lifetime of the
donor is diminished, donor fluorescence is quenched,
and receptor fluorescence intensity is enhanced. The
efficiency of the energy transference between donor
and «quencher» falls rapidly as physical distance
increases between the two fluorophores increasing
fluorescence emitted by the donor, which is then used
in real-time PCR to quantify nucleic acids'!. This
system is used with TagMan® probes, which are labeled
with both fluorophores. These probes hybridize with
the region to be amplified, whose limits are defined by
the primers. During extension step of PCR amplification,
the polymerase degrades the probe and separates the
fluorochromes in such a manner that the light emitted
by the donor is not extinguished and is detected by the
equipment’s detection system. Thus, the fluorescence
intensity in the reaction will depend on the specific
amplification in each cycle and will be proportional to
the amount of DNA.

Base line. 1t is defined as the number of cycles in
which the fluorescence signal accumulates below the
equipment’s level of detection. Most equipments adjust
the base line between cycles 3 and 15; however, in some
cases this should be adjusted manually.

ARn. 1t is the difference between the fluorescence
emission of the product in any cycle and the base
fluorescence emission®!13, Explaining, ARn= (Rn*) -
(Rn), where Rn* is the reporter fluorescence emission
intensity/quencher fluorescence emission intensity at a
pointintime ina determined tube, and Rn is the reporter
fluorescence emission intensity/quencher fluorescence
emission intensity measured in the same reaction tube
before the start of the PCR reaction.

Threshold. The threshold is the value of unspecific
fluorescence before specific amplification of the target
(background fluorescence). The threshold in some
equipments are adjusted as 10 standard deviations of the
base line (mean fluorescence obtained between cycles
3 and 15). Fluorescence signals detected above the
threshold level are considered positive amplifications.
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C, (Cycle threshold). C.. is the PCR amplification
cycle in which the reporter fluorescence exceeds the
chosen threshold above the background fluorescence.
C, is the basic principle of real-time PCR and it is an
essential component to obtain precise and reproducible
data. With higher amounts of templates at the beginning
of'the reaction, the threshold level is reached in a lower
number of cycles. This C;. value occurs during the
exponential phase of the amplification, a moment in
which none of the reaction components has been
exhausted and, hence, the C,, value will be proportional
to the initial number of copies of the gene of interest!2.

Housekeeping gene. Itis a cellular reference nucleic
acid, which is quantified in parallel with the RNA or
DNA of interest to minimize quantification errors due
to differences in the initial amount of the sample placed
in the tube, the quality of nucleicacid, or differences in
the efficiency of the cDNA synthesis (for RT-PCR) or
of'the PCR amplification process. Usually, these genes
are cellular maintenance genes that regulate the basic
and ubiquitous functions of the cell. Some of these
genes codify for components of the cytoskeleton (-
actin), components of the mayor histocompatibility
complex (B,-microglobulin), enzymes of the glycolytic
pathway (glyceraldehyde 3-phosphate dehydrogenase),
enzymes ofthe salvage pathway of nucleotide synthesis
(hypoxanthine ribosyltransferase), proteins involved
in the peptide folding (cyclophilin), or ribosomal RNA.
The idea of a housekeeping gene is that it should be
uniformly expressed throughout all the experimental or
environmental conditions of a given system'?,

Design of primers and TagMan®probes'’. The
design of primers and probes for real-time PCR should
be very careful and follow some parameters to ensure
amplification quality and efficiency. Some of these
parameters are identical to those followed for primer
design in conventional PCR; however, some are specific
for this technique:

a. The amplified product should be ideally smaller
than 250 pb, with a range between 100 and 250 pb.
This improves the efficiency of the amplification. In
the TagMan® system, the amplicon size must be
between 60 and 150 pb.

b. The GC content should be between 35 and 65%,
both in the primers as in the TagMan® probes. Very
low GC contents induce a low rate of primers
bindingto the template, while very high GC contents
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cause incorrect alignment of the primers, or
mispriming.

c. The melting point (Tm) is the most important factor
toassure optimal primer alignment. This temperature
should be between 58 and 60°C, and both primers
should have similar Tm. The primers and probes
should be carefully designed, seeking to make them
highly specific. This is accomplished by using tools
like BLAST (http://blast.ncbi.nlm.nih.gov/Blast.
cgi?’CMD=Web&PAGE TYPE=BlastHome), which
permits comparison via nucleotide sequence
similarity against the GenBank data base.

d. Theprimersshould have a length between 16 and 28
nucleotides. Very short primers alter the specificity
of the amplification and very long primers generate
secondary structures and dimers.

e. The primers and probes should not form secondary
structures, nor should they be complementary to
regions generating these types of structures in DNA.
It is not recommended to use primers with high 3’
end stability, or primers with low sequence comple-
xity, given that they can generate mispriming.

f. Ideally, primers should be designed so their sequence
extends to two consecutive exons. This is done to
avoid undesirable amplification of contaminant
DNA.

g. The TagMan® probes should have a Tm 10°C
greater than the primers used. These probes should
not include a guanine nucleotide in the 5° end,
because such nucleotide generates quenching ofthe
reporter fluorescence.

h. The probe should be placed as close as possible to
the primers, without overlapping nucleotides in its
sequence.

DETECTION SYSTEMS USED IN REAL-TIME
PCR

In the quantification system for real-time PCR, as
already mentioned, the amount of amplified product is
detected through the quantification of the fluorescence
emitted as the PCR reaction takes place. The thermo-
cycler equipments used for this technique, incorporate
afluorescence sensor that measures at any given moment
the fluorescence emitted in each of the wells. There are
two types of detection systems via fluorescence: inter-
calating agents and labeled specific probes.
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Figure 1. Melting curve analysis from a real time PCR assay. The dissociation temperature range extends
from 63°C to 91.9°C. The dotted line shows the fluorescence during the heating process; at low
temperatures DNA is in double strand form and it has a 100% fluorescence (right axis). As they heat, the
denatured strands produce fewer signal. The temperature at which 50% of strands are hybridized is Tm
(melting temperature), which is specific for each sequence, in this case is 81.5°C. After mathematical
processing of such data (arising from fluorescence changes vs. derivative of the temperature, dF/dT), we
obtain the specific fluorescence data, Rn (left axis). Thus, there are two peaks, the lower peak at left, 72°C,
corresponding to the dissociation curve of primer dimers that could be formed during the reaction. The
peaks on the right at 81.5°C which show higher intensity, corresponding to the dissociation curve of two

specific amplification products obtained.

Intercalating agents. SYBR Green I and ethidium
bromide are found within this group, the former being
the one most often used. Using these intercalating
agents results in the most economic, simplest, and
easiest standardization in quantitative PCR protocols.
SYBR Green I only fluoresces when it is intercalated in
dsDNA, thus, the fluorescence signal intensityis directly
proportional to the amount of dsDNA present in the
reaction. The main disadvantage is its lack of specificity,
given that SYBR Green [ will intercalate in any dsSDNA
product present in the reaction, including contaminant
amplicons and primer dimers. To diminish the risk of
non-specific amplifications, aside from a careful design
of primers and the use of optimal reaction conditions,
the analysis of a real-time PCR carried out with SYBR
Green I must include doing a dissociation curve by
measuring the fluorescence emitted by the SYBR Green
I along a temperature range; the denaturing of the

amplicon will be observed as a loss of fluorescence at
pointnear the Tm of the specific product. The shape and
position of this DNA dissociation curve are functions
of the GC/AT ratio, the length of the amplicon and its
sequence, and it may be used to differentiate ampli-
fication products whose dissociation curves are sepa-
rated by less than 2°C (Figure 1)>16:17,

Fluorescent probes. This system includes the use of
small single strand DNA sequences of approximately
20-25 nucleotides, labeled with a fluorochrome donor
and a fluorochrome receptor (quencher). This system is
based on FRET between two molecules. Within this
detection system there are several types, the most used
are hydrolysis probes (known as TagMan® probes),
dual hybridization probes or FRET probes and molecular
beacon probes.

TagMan® probes are oligonucleotides covalently
joined at the 5° end to a fluorochrome donor and at the
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3’ end to a fluorochrome quencher that absorbs the
fluorescence emitted by the donor. This TagMan®
probe system utilizes the principle developed by
Holland, previously described, where the Taq poly-
merase hydrolyzes the probe and release the fluoro-
chrome, which now can be detected and quantified by
the equipment, because its fluorescent emission is no
longer absorbed by the quencher.

Molecular beacon probes are similar to the TagMan®
probes as far as the position of the donor and quenching
fluorochrome; the difference lies in that the molecular
beacon probes have a secondary loop-shaped structure
in which the sequence forming the loop is comple-
mentary to the sequence of interest. When the probe
loses the secondary structure and the loop is hybridized
with its complementary sequence, the donor and
quencher separate physically, thus, permitting fluores-
cent emission by the donor.

The FRET probe system, or dual hybridization probes
consists of two probes, one of them labeled with a
receptor fluorochrome atthe 5’ end and another labeled
with a fluorochrome donor at the 3° end. Hybridization
ofboth probes permits their physical closeness, inducing
energy transference from the donor to the receptor,
which emits fluorescence and can be detected by the
equipment detector?*.

QUANTIFICATION METHODS IN REAL TIME
PCR

Before real-time PCR was available, conventional
PCR methods were adapted to quantify specific products.
These methods, like competitive PCR or limit dilution
PCR, are always based on the analysis of the product at
the end of 30 or more amplification cycles and determi-
ne the amount of products amplified after the reaction
has ended. These end-product methods have some
disadvantages when used as semi-quantitative methods,
given that they use the result obtained in the reaction
plateau phase as point of analysis, for which reactions
with alow number ofinitial copies could reach the same
plateau level as reactions starting with a higher number
of copies due to efficiency differences in each reaction.

Real-time quantification permits visualizing the PCR
curve, which contains an initial background phase,
persisting until the specific fluorescence of the amplified
product exceeds the non-specific fluorescence; a phase
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of exponential growth (log phase) where the
amplification is constant and the reaction efficiency
can be determined, and a final plateau phase where very
few additional amplifications take place. As noted
previously, C, is the cycle number in which the specific
fluorescence produced by the genuine amplification of
the target product surpasses in intensity the non-specific
background fluorescence. This is why C is considered
the most precise point for quantification, given that it is
proportional to the sample amount at the beginning of
the reaction (Figure 2). Unlike conventional PCR, real-
time PCR permits accure and kinetic quantification
because it analyzes the amount of product amplified
during the logarithmic phase (log phase), where the
amplification efficiency of each reaction is constant.

There are two main methods for real-time PCR
quantification: absolute quantification and relative
quantification. In absolute quantification, the amount
ofinitial target productis expressed through an absolute
value, generally copies/ml. To use absolute quantifi-
cation, an external standard should be simultaneously
amplified, denominated calibration curve or standard
curve, in which known amounts of the template are
amplified and the C, is obtained for each of them. With
these data, a vector is generated and through linear
regression analysis the vector equation is obtained,
whichis used to extrapolate the C..data from each of the
problem samples; this way, the number of copies will be
known in the initial sample prior to the amplification.
The calibration curves are highly precise and generate
sensitive and reproducible data. Nevertheless, care
must be exercised in the validation of the standard,
since quantification precision depends totally on the
precision of the curve. The calibration curves can be
DNA standards of known concentration, e.g., a
recombinant plasmid with an insert of a fragment of the
same DNA that is being quantified in the samples.
Absolute quantification is necessary when there is no
specimen or sample that can be established as the basal
state to compare changes in the expression levels of the
gene evaluated'®.

Relative quantification describes changes in the
quantity of the gene of interest compared to its level in
abasal or non treated sample; this quantity is expressed
as a ratio between the concentration of the target
product and a reference gene. Relative quantification,
therefore, does not require a known concentration stan-
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Figure 2. Draw of an amplification curve obtained by real time PCR. The Y axis is the Rn which corresponds
to the fluorescence emitted by the reporter fluorochrome divided by the fluorescence of a passive
reference fluorochrome. In other words, Rn is the specific normalized fluorescence of the reporter

fluorophore, which rises in each cycle (X axis).

dard, but uses a housekeeping gene as reference gene!'®.
To carry out the relative quantification of the expression
of a gene, several mathematical models have been
established, some of which calculate without correcting
the efficiency of the reaction, assuming an ideal
amplification efficiency of 2 (each cycle would produ-
ce 2 new copies of each original copy); meanwhile
others calculate the efficiency by correcting the data
per reaction, requiring more complex mathematical
calculations!®1.

APPLICATIONS OF REAL-TIME PCR

Real-time PCR is used in multiple applications,
among which there are viral quantification and genetic
expression quantification, furthermore, it serves as
methodology to validate data obtained from microarrays,
measure therapeutic effectiveness, measure DNA
damage from diverse mutagens, detect pathogens and
genotyping, determine polymorphisms and mutations,

as well as applications in pharmacogenetic studies,
among others. Due to its high versatility and power in
such diverse applications, its usefulness has been proven
in various fields, including biomedical research where
real-time PCR has impacted on genetic expression
studies, while it also permits genotyping knock-out,
knock-down organisms and transgenic models.
Furthermore, with the use of real-time PCR for allelic
discrimination, advancements have been made in the
detection of polymorphisms involved in some diseases
susceptibility, which facilitates epidemiological
studies®.

Another application field of this technology is in
microbiological molecular diagnosis for viral and
bacterial infections. The determination of viral load has
allowed monitoring the progression of viral disease and
measuring the effectiveness of antiviral therapies.
Additionally, mutational studies of viral genomes permit
conducting epidemiological studies of co-infections
and analyzing viral quasispecies?!. Likewise, in
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bacteriological studies, quantitative PCR allows to use
better selected antibiotic therapies and helps to reduce
the use of broad-spectrum antibiotics, thus diminishing
the appearance of resistant strains. This technique has
been used for detection of multiple mycobacterium,
Legionella pneumophila, Listeria monocytogenes,
diverse strains of Neisseria and Streptococcus,
Escherichia coli, Bordetella pertussis, Mycoplasma
pneumoniae, Haemophilus influenzae, Borrelia
burgdorferi, Bacillus anthracis, Yersinia pestis and
in studies of antibiotic resistance??.

Quantitative PCR is widely used in the field of
oncology, because it can detect and quantify chromo-
somal translocations or transcripts generated by gene
fusion in samples from patients, which permits
determining the progression of the disease, or the
presence of residual minimal disease. An example of
this is the determination of the AML-1/MTGS fusion
transcript in myeloid leukemia, the detection of genetic
products by fusion in acute lymphoid leukemia, or the
response to treatment via quantification of the BCR-
ABL product in chronic myeloid leukemia. Also, real-
time PCR may be used to analyze gene expression in
solid tumors from very small samples, which helps not
only to understand the biology of cancer, but also to
establish more effective therapeutic strategies?!.

APPLICATIONS IN VIROLOGY

Recent advancements in molecular biology have
generated great contributions in virological detection
and diagnosis. The development of methodologies like
PCR, RT-PCR, and quantitative PCR has substantially
improved the sensitivity of virus detection. The
evaluation of viral load via real-time PCR offers infor-
mation on the proliferation dynamics of an infectious
pathogen, the presence of active infection, the host-
pathogen interaction, and the response to antiviral
therapy, all of which is relevant in patient prognosis and
may serve as a guide for optimal therapeutic inter-
ventions?>24,

Given the marked importance achieved by real-time
PCR in diagnosis and monitoring of viral infections,
currently, there are multiple commercial kits for the
detection of some of the most important viruses involved
in human disease (human immunodeficiency virus,
hepatitis B and C virus, cytomegalovirus, human papillo-
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mavirus, and coronavirus). Furthermore, bearing in
mind that quantitative monitoring of infectious virus
has turned indispensable, not merely in the clinical
study of the patient, but also in research of the viral
infection pathogenesis, a great number of tests have
been developed in each laboratory (home-made) for
diverse viruses, including: adenovirus, enterovirus,
herpes virus, thinovirus, lymphotropic virus, influenza
virus, parvovirus, flavivirus, among many others?3.

Inthe most recent porcine influenza pandemia (2009),
real-time PCR has shown its broad potential as a
diagnostic potential. The Center for Disease Control
(CDC) has developed a protocol for the confirmation of
infection through porcine A HIN1 influenza by using
real-time PCR, utilizing hydrolysis probes (TagMan®
probes), which permit the detection and characterization
of'this virus in diverse specimens including samples of
bronchoalveolar lavage (BAL), tracheal aspirates,
nasopharyngeal or oropharyngeal swabs, among
others?.

In the present study was conducted a literature
review on real-time PCR to study and broaden on the
fundamental and technical aspects of such. Additionally,
this work is a potential introductory manual for this
molecular biology tool for other laboratories and
research groups. Inthe second place, we describe one of
the protocols used for viral quantification through this
technique, which serves as an applied model of
quantitative PCR for its use in the field of virology.

MATERIALS AND METHODS

Cell culture, infection, and RNA isolation.
Peritoneal macrophages of two strains of mouse (BALB/
¢ and ICR) were obtained, as described previously?®.
The macrophage cultures were infected with a human
isolate dengue virus serotype 2 grown in Aedes
albopictus C6/36 mosquito cells. After titration of viral
inoculum (2.8 x 10° UFP/ml), the virus was placed in
contact with macrophages for 1 hat 37°C and CO, 8%
and atamultiplicity of infection (MOI) of 0.1. Then, the
inoculum was removed and replaced with fresh RPMI
medium supplemented with 10% FBS. The cultures
were incubated for additional 24 and 48 hours to allow
viral replication. At each post-infection time, RNA was
extracted from the supernatants and the macrophage
monolayer, using the guanidine/chlorophorm thiocya-
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Figure 3. A. Agarose gel electrophoresis showing PCR product obtained from Aedes albopictus C6/36
cells RNA infected by DENV. M. Molecular weight marker. Line 1, PCR control. Line 2, amplified cDNA
obtained from infected cells. Arrow shows the 151 bp specific amplicon. Arrow head shows primer dimers.
B. Agarose gel electrophoresis stained with ethidium bromide, showing specific amplicon amplified from
transformed bacteria with the plasmid pGEM-DV2core. M. Molecular weight marker. Line 1, Negative

control. Lines 2 to 6 positive transformed colonies

nate method?’. Spectrophotometry quantification was
made at 260 nm and RNA quality was verified by
measuring the absorbance ratio at 260/280 nm.
Calibration curve for absolute quantification.
Conventional RT-PCR was performed from isolated
RNA, using DV2C-L 5°- CAATATGCTGAAACGC
GAGA-3’ and DV2C-R: 5’-TGCTGTTGGTGGGA
TTGTTA-3’ primers, which were designed by using
the bio-informaticts tool Primer3 (http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi), based on the
NC_001474 sequence reference. These primers amplify
a 151-pb fragment ofthe dengue virus capsid gene. This
PCR amplified product was separated in an agarose
electrophoresis at 2% and visualized with ethidium
bromide under UV light (Figure 3A). The agarose band
that contained the amplified was cut and purified by
using the SV Gel kit and PCR Clean Up System
(Promega), following manufacturer’s recommendation.
This purified fragment was linked to the plasmid pGEM-
T-Easy Vector System (Promega), by using T4 DNA
ligase, and then this recombinant vector was used to
transform highly efficient competent E.coli bacteria
from the DHS5a strain, by following previously reported
protocols?®. Clones of transforming bacteria were
selected and confirmed via PCR, as observed in Figure
3B. The transformed bacteria were cultivated in LB
broth and the pPGEM-DV2core plasmid was purified by
using the Wizard® Plus SV Minipreps DNA Purification
System kit. The recombinant plasmid was confirmed

via PCR by using primers that amplify the 151-pb
fragment of the dengue virus capsid gene. Once the
DENV capsid gene fragment was cloned, the purified
recombinant plasmid was quantified through spectro-
photometry at 260 nm to prepare a dilution containing
10'° copies of plasmid/ml, using the formula:

Number of copies =
6 x 10% copies/mol * concentration (g/ul)
Plasmid molecular weight + insert (g/ul)

From this result, serial dilutions were prepared from
10° to 10% copies/ml of the plasmid. These dilutions
were used to build the standard curve with which the
absolute quantification of viral copies was done via
real-time PCR from RNA obtained from supernatants
of macrophages. This standard curve was initially tested,
yielding an R?=0.9984 and a slope =-4.132511 (Figure
4).

Real-time PCR test. From 1 pg of total RNA from
each experimental condition, reverse transcription was
performed by using random primers (Promega) at a
concentration of 0.025 pg/ul and the reverse trans-
criptase enzyme M-MLV (200 U/ml) (Promega) at
37°C for 1 h to obtain cDNA.

Forreal-time PCR amplification, it was used SYBR
Green | (DyNAmo, Finnzymes) using the GeneAmp
5700 Sequence Detection System apparatus (Perkin-
Elmer Corporation). The reaction mix contained 4 pl of
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Figure 4. A. Amplification curves from six different amounts of plasmid pGEM-DV2core. It is noted that
each one reaches the threshold at a different cycle, being the largest concentration samples (sample 7
corresponding to 107 copies/ml) the sooner they reach the threshold (cycle 16) while sample 3 (102 copies/
ml) reaches the threshold at cycle 32. B. It was generated a standard curve, plotting each pair of data (C,
vs initial concentration, C ). By linear regression, it was obtained the coefficient of regression and the
slope that the straight line describes. Using this equation, we extrapolate the known C. data for each
sample. In the graph the C_ obtained for each one of the dilutions is in the abscissa that corresponds to
the logarithm of the number of molecules in each one at the beginning of the reaction (C ). Each cross
represents the data of each duplicate of each plasmid dilution. The arrow indicates the point that
corresponds to the sample containing 1000 copies of plasmid/ml, which reaches the threshold in cycle 32,
thus the C_ of this sample is 32.
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cDNA, 10 pl of Master Mix 2x,which contains Thermus
brockianus DNA polymerase, SYBR Green I, optimized
PCR buffer, MgCl, 5 mM, dNTPs including dUTP; and
0.2 uM of primers: DV2C-L and DV2C-R. Samples
without cDNA were used as negative controls, and as
positive controls we used samples of cDNA obtained
from the viral inoculum produced in mosquito cells.
The amplification protocol included 2 min at 50°C, 10
min at 95°C, and 40 cycles at 95°C for 15 s and 1 min
at 60°C. Finally, a dissociation curve was generated
heating the PCR products from 50°C to 95°C to confirm
primer dimers absence.

DATA ANALYSIS

The data obtained from infected macrophages was
analyzed by two ways:

a) when the data source was the infected monolayer,
we use the relative quantification method, based on
the supposition of ideal amplification efficiency
with twice the product in each cycle, accompanied
by a duplication of the fluorescence intensity that
can be calculated by using the 2-44CT formula and
using b-actin as normalizing gene?®-3°,

b) when the data was obtained from the supernatants,
absolute quantification was done through the
generation of a standard curve from the pGEM-
DV2core plasmid, using 5 serial dilutions of plasmid
(107, 105, 10°, 104, 103, 10> molecules). Linear
regression was done from data obtained on this
curve’!, normalizing this amount for each pg of
extracted RNA. Intotal, two animals were used from
each mouse strain, and from each of these it was
obtained two independent cell cultures. Upon doing
the real-time PCR assay, two replicas were done
from which it was obtained the average and standard
deviation. Data were analyzed via a Student t test.

RESULTS

Quantification of viral copies produced by
peritoneal macrofages from two different mice strains

a. Absolute quantification. The susceptibility of
peritoneal macrophages from mice strains studied was
analyzed via real-time PCR from RNA obtained from
supernatant of these cells infected for 24 and 48 h at
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MOI 0.1, through the quantification of viral copies
detected; this way, we evaluated the number of viral
copies released from macrophages onto the medium.
As observed in Figure 5, the number of viral copies
obtained from macrophage supernatants of BALB/c
mice infected with dengue virus with MOI 0.1 were
approximately 20 times greater than that obtained in
macrophage supernatant of [ICR mice (2527.4 vs. 102.9
copies/ml at 24 h post-infection).

B. Relative quantification. To corroborate and
complement the results found in the macrophage
supernatants, we conducted viral quantificationin RNA
obtained from the monolayers of the same macrophages.
This permits evaluating the amount of the intracellular
virus and comparing with the amount of virus released
onto the supernatant. For this test, real-time PCR was
used employing relative quantification, using -actin
as housekeeping gene, to normalize the data obtained.
Through conventional PCR, we proved that the $-actin
expression does not change with dengue virus infection
and, additionally, this finding was confirmed via real-
time PCR. C | found for B-actinin the different conditions
oscillates between 18 and 20 (Figure 6).

The results from the relative quantification agree
with that found through absolute quantification. Again,
the greatest amount of viral RNA was found in the
BALB/c macrophages compared to ICR mice; the
relative expression of viral RNA in BALB/c macro-
phages being between 50 and 1000 times greater than
that found in ICR mice macrophages. The relative
expression of viral RNA in one or another type of cells
was done through the 2-44€T formula using the non-
infected culture as system calibrator (Figure 7).

The derivation of this method includes some
suppositions, experimental design, and validation tests,
which were previously reported®’. Hereinafter, we will
describe the derivation method employed. For this
case, the amount of viral RNA molecules in a sample,
normalized with the B-actin gene and relative to a
calibrator (non-infected culture) is given by:

2 —AACT

The equation describing the PCR exponential
amplification is given by:

Xn - Xo > (1 + Ex)n
Where:
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Figure 5. Absolute quantification. Comparison of the number of viral copies obtained from peritoneal
macrophages supernatants infected with DENV at MOI 0,1 (*p< 0,01). Two animals of each mouse strain
were used, two independent cultures were carried out of each animal and two duplicates were made from
each one in the quantitative PCR (n=8).
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Figure 6. Amplification curves of the housekeeping gene B-actin. In the X axis are the number of
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Xn = Number of amplicon molecules in an # cycle

of the reaction

Xo = Initial number of molecules in the sample of

interest

E_= Efficiency of the amplification of the segment

of interest, and

n = number of cycles

The threshold cycle (C,) indicates the number of
cycles in which the amount of the product amplified
reaches a fixed threshold, i.e.,

_ Cox
Xy = X, x (I +Eg) mx= Ky

Where:

X =Number of viral gene molecules in the threshold
cycle

C;. x=Threshold cycle for viral-gene amplification,
and

K, = Constant

A similar equation for amplification of the reference

or normalizing (3-actin) gene in each of the samples:

_ Crp—
R, — R, x (1 +Ep)re= K,

Where:

R =Number of -actin molecules in the threshold
Ro = Initial number of reference-gene molecules
E, = Efficiency of B-actin amplification

C; = The threshold cycle for -actin amplification
K .= Constant

R
Dividing X by R | we get the expression:

X< (1 1 Ey )% Ky

KR

K
R  Cr
T R,=<(1 +Eg) "*
Assuming that the efficiency of the amplification of
the viral gene and of the B-actin gene is the same, we

have:

Xox(1+E)°7 =K

Where:

X\ = amount of viral gene normalized for a sample
(Xo /Ro)

DC, is equal to the difference in the viral gene
threshold cycle and the threshold cycle for B-actin
(€ TX C T,R)

Modifying the expression, we would have:
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Xy -~ Kx(1+E) 7"

The final step is to divide the X | from some sample
(q) by the X from that obtained from the calibrator (cb,
non-infected culture):

_AC.T.q

XN-q _ Kx(1 +E) =(1+E)—AACT
X _AC.T.cb

N.ecb  Kx(1+LE)

Where:

AACT = ACrq—ACrg

Andtherelative expression then calculated, replacing
in the formula:

2 —AACT

DISCUSSION

This work uses the real-time PCR technique to
quantify the number of viral copies produced from
monolayers and supernatants of peritoneal macrophages
from two different mice strains, and thus evaluate the
susceptibility of these cells to dengue virus infection,
defined as the capacity ofa cell to permit the replication
of the virus. To conduct this quantification, we used
SYBR Green [, since this real-time PCR system presents
some advantages compared to the hydrization probe
system (TagMan®), like: its low cost, the possibility of
performing diverse experiments with the same reagents
withoutneeding to synthesize a probe for each quantified
gene, and the possibility of evaluating non-specific
amplifications and primer dimers through the analysis
of the dissociation curve. Additionally, it has been
reported that the detection of the dengue virus is
equivalent when using the SYBR Green I system
compared to the TagMan® system, making this system
an appropriate chemistry for the evaluation of viral
load, atleast in the study of the dengue virus*2. Weused
the peritoneal macrophage model, since it was already
known that the monocyte/macrophage system is the
first cellular target of the dengue virus, when inoculated
by the mosquito, making this cellular model an
appropriate and relatively comparable model of what
oceurs in vivo®3.

Real-time PCR analysis in supernatants was done
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Figure 7. Relative quantification. Amount of viral RNA copies obtained from monolayers of peritoneal
macrophages of BALB/c and ICR mice infected with DENV. Through real time PCR, it was obtained the
number of times that virus dengue RNA was in monolayers of the infected cells, evaluated at 24 and 48
hours post-infection, compared with that obtained in calibrator (control without virus). As housekeeping
gene it was used B-actin of each one of the samples. * Statistical differences in values of cells of each

species (p< 0.05).

via absolute quantification, using a plasmid containing
a gene fragment of the capsid (pGEM-DV2core) with
which a standard curve was traced, which determines
the number of viral copies vs. the C obtained. This
curve permits performing a linear regression to deter-
mine the number of viral copies from each of the
samples, starting from the information known of the C
of each sample’?3*, Upon doing the real-time PCR
analysis from the RNA obtained from the supernatants,
we obtained data consistent with that reported in the
literature, given thatas in infection by other flaviviruses
like West Nile Virus and Murray Valley Virus, the
macrophages of the endogamic BALB/c strain produce
the greatest number of viral copies, compared to an
exogamic strain like ICR, where the number of viral
copies is significantly lower?>,

To complement the results obtained through real-
time PCR from the supernatants, we performed the
same test from the monolayers. This methodological
approximation permits evaluating the amount of intra-
cellular virus that has not been freed to the medium and
correlating these data to those of the free virus in the
supernatant. For this analysis, relative quantification
was done through the use of a normalizing or reference
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gene; inthis case, weused B-actin and as data calibrator
we used the results from the non-infected control cells®.
B-actin was used as normalizing gene, because in
conventional PCR as in quantitative PCR tests no
changes were observed in its expression under different
experimental conditions and it is, furthermore, one of
the most recommended genes for this purpose®®. The
results yielded by real-time PCR of macrophage
monolayers were consistent with the results obtained in
supernatants. This suggests that ICR mice macrophages
have mechanisms altering viral replication from its
early phases, given that the virus does not manage
intracellular accumulation, nor does it manage getting
liberated onto the medium. This could discard a resis-
tance mechanisminvolving viral packaging as has been
previously postulated?’.

In addition to the results described, previously
reported®3°, an important result of this work was the
generation of a recombinant plasmid containing a gene
fragment of the DENV-2 capsid. This biotechnological
product can be used for the generation of standard
curves to quantify the viral load of the dengue virus in
diverse works, and it is potentially available to be used
by any research group requiring it#0-42,
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