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λmax = 582 nm). The quencher can only quench the reporter fluorescence when the two dyes are close to each other. This is
only in the case of an intact probe. Once amplification occurs,
the probe is degraded by the 5'-3' exonuclease activity of the
Taq DNA polymerase, and the fluorescence will be detected by
means of a laser integrated in the sequence detector (TaqMan
ABI Prism 7700 Sequence Detection System, Perkin Elmer,
Foster City, CA). The PCR cycle number at which fluorescence
reaches a threshold value of 10 times the standard deviation of
baseline emission is used for quantitative measurement. This
cycle number is called the cycle threshold (Ct) and it is
inversely proportional to the starting amount of target cDNA.

The polymerase chain reaction (PCR) has revolutionized the
detection of DNA and RNA, allowing the detection of as little as
a single copy of a given sequence. PCR is largely used in
immunogenetics studies for a variety of purposes, such as the
detection of viral load in infectious diseases, identification of
markers that can predict survival of patients undergoing organ
transplantation1 and, in general, to assess the expression of
immune related genes.
Theoretically, there is a quantitative relationship between the
amount of starting material and the PCR product at any cycle.
However, it is a common experience for replicate reactions to
yield different amounts of PCR product. Furthermore, at the
end of a PCR reaction in which the number of cycles are empirically pre-determined, different amounts of starting material
can yield similar amounts of amplification product due to the
consumption of the reagents. As a consequence, conventional
PCR cannot be considered a quantitative assay and the results
are usually expressed in terms of positivity/negativity. A semiquantitative evaluation is possible on the basis of the appearance of the electrophoretic band (weak/strong positivity), but
this approach is highly subjective and the sensitivity is very low.
To address the issue of PCR product quantitation, methods
such as competitive PCR,2 sequence analysis gene expression
(SAGE)3 and high-throughput microarray4 have been proposed. These techniques are cumbersome, time consuming,
and require multiple manipulations of the samples, thus
increasing the risk of carry-over contamination.

The number of target gene copies is extrapolated from a standard curve equation. For each gene, cDNA from a positive control is first generated by the reverse transcription reaction.
Using 1 µl of this cDNA, the gene under investigation is amplified using Taqman primers by means of a standard PCR reaction. The amount of amplicon obtained is then quantified by
spectrophotometry and the number of copies calculated on the
basis of the molecular weight of each individual gene amplicon. Serial dilutions of this amplicon are tested with qr-PCR
assay to generate the gene specific standard curve. Optimal
standard curves are based on PCR amplification efficiency
from 90 to 100% (100% meaning that the amount of template is
doubled after each cycle), as demonstrated by the slope of the
standard curve equation. Linear regression analysis of all standard curves should show a high correlation (R2 coefficient
≥ 0.98).

Quantitative real-time PCR (qr-PCR) allows a highly sensitive
quantification of transcriptional levels of the gene of interest in
a few hours with minimal handling of the samples.5,6 Here we
describe the principles and the technical aspects of this technique, and review its main applications in the field of immunogenetics.

Since both the amount of total RNA added to each reverse transcription reaction tube (based on wavelength absorbance) and
its quality (i.e., degradation) are not reliable parameters to
measure the starting material, transcripts of a housekeeping
gene are quantified as an endogenous control. Beta-actin is
one of the most used nonspecific housekeeping genes, but
according to the experimental conditions, other internal references can be adopted (e.g., leukocyte markers). For each experimental sample the value of both the target and the housekeeping gene are extrapolated from the respective standard
curve. The target value is then divided by the endogenous reference value to obtain a normalized target value independent
of the amount of starting material.

Principles and Techniques
Higuchi and colleagues pioneered the analysis of PCR kinetics
by constructing a system that detects PCR products as they
accumulate.7 This “real time” system utilized the intercalator
ethidium bromide that binds to the increasing amounts of
amplified double stranded DNA, resulting in an increase of fluorescence. This method has been improved by the introduction
of fluorescent gene specific probes in the PCR reaction.

Quantitative PCR of both specimen cDNA and standard amplified cDNA are conducted in a 25 µl final volume mixture containing Taqman Master Mix (Perkin Elmer), primers and probe
at optimized concentrations (probe: 200 nM, primers: 400 nM).
Thermal cycler parameters include 2 min at 50°C, 10 min at
95°C and 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C. The TaqMan ABI Prism 7700 Sequence
Detection System allows 96 samples to be run simultaneously.

TaqMan methodology is based on the 5' nuclease assay first
described by Holland et al.,8 which uses the 5'-3' exonuclease
activity of Taq DNA polymerase to cleave a dual-labeled probe
annealed to a target sequence during PCR amplification.
Briefly, after total RNA extraction and cDNA synthesis, the
cDNA is added to a PCR reaction mixture containing standard
PCR components plus a probe that anneals to the template
between the two primers (Figure 1). This probe contains both a
fluorescent reporter dye at the 5'-end (6-carboxyfluorescein,
6-FAM; emission λmax = 518 nm) and a quencher dye at the
3'-end (6-carboxytetramethylrhodamine, TAMRA; emission
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The Applications
Quantitative real-time PCR (qr-PCR) has been utilized in
humans to measure viral load for diagnosis of different dis-
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eases caused by DNA viruses such as CMV, EBV and HBV.
Investigators have adopted this system to titer viral genome
density in clinical specimens as an alternative to antigenemia
assays. Tanaka and colleagues9 demonstrated that the CMV
load in peripheral blood leukocytes was positive in 100% of
immunocompromised symptomatic patients and in 24% of
asymptomatic patients, as well as in the plasma of 76% of
symptomatic patients studied, paralleling and enhancing the
results of the antigenemia assay in all cases. Moreover, the
monitoring of patients with CMV infection demonstrated that
the CMV DNA copy number changed proportionally with antiCMV therapy, confirming that this technique is quite helpful
for diagnosing the onset of CMV-related diseases and monitoring virus reactivation in patients with latent CMV infections. Other investigators quantified the serum load of CMV
and other viruses after anti-viral treatments or post-transplantation using this technique.10,11 Although discrepancies in the
correlation between the qr-PCR technique and the antigenemia assay were observed in samples with a low viral load,12 the
results obtained from the follow-up of bone marrow transplant patients for CMV and EBV reactivation confirmed that
this new procedure should be widely used for monitoring viral
infections in transplanted patients.13,14
Although qr-PCR has been applied mostly to virus related
investigations, some authors have reported on the utilization
of this technique to study the immunological phenomena
occurring during HLA class I peptide-based immunotherapy
for metastatic melanoma. Kammula et al. identified T cell
reactivity to melanoma associated antigens used for the vaccination of patients by measuring interferon-gamma (IFN-γ)
transcript levels in PBMC before and after treatment.15 We
recently applied qr-PCR to the identification of CTL reactivity
to CMV-derived peptides in order to set up a sensitive screening for candidate immunodominant CMV peptides and create
a large library of HLA class I restricted CMV peptides. PBMC
from serologically CMV positive donors were directly exposed
ex vivo to candidate CMV epitopes and, after three hour incubation, IFN-γ mRNA levels were measured by qr-PCR. With this
method we could quickly identify the ex vivo immunogenicity
of a panel of peptides on the basis of CTL reactivity
(Provenzano et al., in preparation). With this technique, a new
HLA-A24 restricted peptide was found to be the most

Figure 1. During quantitative real time PCR, in addition to a forward
(Fp) and a reverse (Rp) primer, a fluorescent probe (P) is utilized. Two
fluorescent dyes, a reporter (R) and a quencher (Q) are attached to the
5' and 3' ends of the Taqman probe, respectively. When both dyes are
attached to the probe, reporter dye fluorescent emission is quenched
(top panel). During each extension cycle, the Taq DNA polymerase
cleaves the reporter dye from the probe (middle panel). Once
separated from the quencher, the reporter emits its characteristic
fluorescence throughout the DNA polymerization (bottom panel).

Figure 2. The copy number of each gene is extrapolated on the basis of a
standard curve. Serial dilutions of known number of gene copies are run in
triplicate. In this diagram, PCR cycles (X axis) are plotted against the
fluorescence intensity (Y axis). The cycle at which the fluorescence reaches a
threshold value (ten times the standard deviation of baseline emission) is
called threshold cycle (Ct) and is inversely proportional to the starting amount
of target DNA.
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Figure 3. When the known concentrations (expressed
in logarithmic form, X axis) of target gene are plotted
against the corresponding cycle threshold (Ct, Y axis)
obtained by qr-PCR, the result is a line representing the
linear correlation between the two parameters. The
equation describing this relationship is used to
extrapolate the gene copy number in experimental
samples.
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immunogenic peptide among those screened in all HLA-A24
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micrometastasis in blood, lymph nodes and bone marrow,
some investigators analyzed the expression level of cytokeratin-18 (CK18) mRNA by qr-PCR in gastrointestinal carcinoma
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Conclusions
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DNA replication, or their activity by protein production, are
less accurate and require more time to be evaluated.
Quantitative real-time PCR is a method to rapidly and precisely
quantify gene activity by detecting mRNA levels of the gene of
interest. In this review, we reported the broad applicability of
this technique in microbiology, virology, oncology and
immunology. The rapid identification and quantification of the
target studied make this method useful for diagnosis of different diseases and for monitoring after treatment. Moreover, the
ex vivo identification of specific CTL activity to viruses and/or
tumor antigens will improve the understanding of the mechanisms responsible for anti-viral and anti-tumor immune
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identification of new diagnostic targets as well as assist in the
development and improvement of treatments.
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