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INTRODUCTION

There are two important factors for detecting low-copy-
number, blood-borne viral pathogens. The genomic copy

number estimated to be present in 1 ml of blood of hepatitis
B virus, cytomegalovirus, Epstein-Barr virus, and human
immunodeficiency virus type 1 (HIV-1) ranges from <1012
deoxyribonucleic acid (DNA) copies for hepatitis B virus to
106 ribonucleic acid (RNA) copies or <10' DNA copies for

HIV-1 (26); values for Epstein-Barr virus and cytomegalo-
virus are -104 and l106 copies of DNA, respectively.
Nucleic acid hybridization reactions, performed with highly
32P-labeled nucleic acid probes, are the most sensitive in
vitro method for detecting such low-copy-number viral tar-
gets. Such probes (called "nick-translated" probes because
of the incorporation of many 32P-linked nucleotides, used to
repair enzymatically "nicked" DNA probes) are capable of
detecting 104 to 105 copies of complementary target nucleic
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acid. Alternatively, if only one 32P label is attached (usually
at the 5' or 3' end) to the probe, the sensitivity of this
detection system decreases to 106 to 107 copies. Nucleic acid
hybridizations performed with a nonisotopic detection sys-
tem (for example, using a colorimetric signal generated by
alkaline phosphatase) exhibit sensitivities of detection which
range from 105 to 107 copies of complementary target mole-
cules. In general, the nonisotopic detection systems are 10-
to 103-fold less sensitive than 32P-labeled probes. The re-
quirement of detecting a very low number of target mole-
cules is thus made more difficult by the limited sensitivities
of the existing detection systems.
Only two alternatives are available to meet the challenge

of detecting low-copy-number viral targets. Either signifi-
cantly more sensitive detection systems need to be devel-
oped, or the original copy number of the target virus needs to
be elevated before a detection assay is initiated. Recently,
the most spectacular results in detecting low-copy-number
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target molecules have been achieved by using
strategy. This review describes the development
acid amplification system in vitro and how the d
diagnosis of HIV-1 have served as a model sy
application of nucleic acid amplification to the
viruses.

METHODOLOGY OF SEQUENCE AMPLIF
BY PCR

The Method

The first strategy to be developed for nuclei
amplification in vitro has been termed the polyr
reaction (PCR) (22). PCR can increase the cop

specific nucleic acid sequences of 100 to 2,000
length by 106-fold in an in vitro reaction of only
in duration (Fig. 1). This reaction requires two
tide primers which are complementary to target
several hundred base pairs apart from each
oligonucleotide is complementary to opposite IE
of the target and subsequent amplification pro<
DNA target, the first step involves thermal der
the double-stranded target molecules in the pi

large molar excess of primers. The primers are ti
to their complementary target sequences by
reduction. Next, a DNA polymerase is added,

Double-stranded primer-directed DNA synthesis reaction. The result is an
DNA target approximate doubling of the amount of target sequence in

the sample. Extension from each primer proceeds in oppo-
site, overlapping directions. Thus, DNA synthesis primed
from one oligonucleotide generates a new strand with a
region complementary to the other oligonucleotide primer.
The product strands can then serve as templates in succes-
sive DNA synthesis reactions. By repeating the cycle of
denaturation, primer annealing, and DNA synthesis (primer
extension), the copy number of target sequence is increased
exponentially (22). The theoretical amplification can be
expressed as 2", where n is the number of cycles performed.
In practice, the extent of amplification is (1 + x)', where x is
the average efficiency of each cycle (2, 32). Thus, with an
average per-cycle efficiency of 67%, the increase in copy
number per target molecule is 30,000-fold after 20 cycles of
PCR.

Several features of the PCR process deserve emphasis.
First, the products of this reaction are double-stranded DNA
molecules of specific molecular weight which correspond to
the portion of the target bracketed by the two primers. As a
consequence, the primers themselves become the ends of
the product molecules. Oligonucleotide primers with 5'
extensions not complementary to the target still function
effectively as primers (22, 33). These extensions will become
built into the product molecules as the reaction proceeds
(Fig. 2). This is an important feature because it allows any
desired sequence to be appended to one or both ends of the
product fragment. For example, restriction endonuclease

sequence by sites may be appended to an amplified fragment to facilitate
e primers are its subsequent cloning (33).
ed base pairs Second, RNA molecules may also serve as targets for
'R consists of PCR amplification. The use of RNA sequences as targets
rge excess of enables the detection of RNA viruses. It also allows the
t-The product detection of virus-specific RNA transcripts from both RNA
-les. Repeated and DNA viruses, enabling an assessment of the transcrip-
region brack- tional activity of the pathogen. To amplify an RNA se-

quence, the first primer-directed DNA synthesis reaction is
performed with RNA-dependent reverse transcriptase. A

ig the latter DNA-dependent polymerase is added to synthesize the
of a nucleic second strand of complementary DNA, and multiple cycles

detection and of a typical PCR reaction are then performed (2, 15). The
stem for the amplification products are again double-stranded DNA frag-
detection of ments.

Third, the utility and efficacy of the PCR amplification
scheme have been increased by using the DNA polymerase

'ICATION of the thermophilic bacterium Thermus aquaticus (Taq). The
Taq DNA polymerase is thermostable and thus able to
tolerate the repeated thermal denaturation steps of PCR
without significant loss of activity (4, 6, 16, 31). The original
PCR reactions were performed with the Klenow fragment of

c acid target Escherichia coli DNA polymerase I. Because Klenow DNA
nerase chain polymerase is temperature sensitive, it was necessary to add
y number of fresh enzyme before the DNA-synthetic step of each cycle.
base pairs in In contrast, once Taq DNA polymerase is added to a
a few hours reaction mixture of target, deoxyribonucleotides, and oligo-
oligonucleo- nucleotide primers, the PCR process requires only repeated
It sequences cycles of incubations at the temperatures necessary for
other. Each target denaturation, primer annealing, and DNA synthesis.
)NA strands These cycles can be accomplished by using a computer-
ducts. For a controlled heat block (thermal cycler). Thus, the utilization
Saturation of of Taq polymerase has made it possible to develop an
resence of a automated sequence amplification process.
hen annealed The Taq polymerase also enables PCR to be performed
temperature with increased efficiency and specificity (6, 31). These prop-
catalyzing a erties are most likely attributed to the elevated annealing
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temperatures possible with Taq, as discussed below. Com-
pared with Klenow, Taq polymerase can effectively amplify
longer targets (31). This finding appears to reflect greater
processivity of the Taq polymerase (31). With Taq, targets of
up to 500 base pairs in length can be amplified by using 3-min
DNA synthesis reactions. By using 10-min DNA synthetic
steps, the upper limit of fragment size lies between 2,000 and
2,500 base pairs (31).

Characteristics of PCR

Efficiency. The efficiency of PCR amplification depends on
many variables. Some of the more important are (i) the
number of cycles, (ii) the original amount of target, (iii) the
length of the target sequence to be amplified, and (iv) the
temperature of primer annealing and extension.
The first of these variables is the total number of cycles

used. As noted above, the total amplification achieved is
expressed as (1 + x)', where n is the number of cycles
performed and x is the average per-cycle efficiency. How-
ever, as the concentration of products increases, the chance
for product strands to reanneal to each other, rather than to
primers, increases. Consequently, the later cycles of a PCR
reaction have been observed to be less efficient than earlier
cycles (2, 31). For example, beginning with 1 pug of genomic
DNA and amplifying a segment of the P-globin gene, a
25-cycle reaction yielded 4.5 x 106-fold, a 30-cycle reaction
yielded 8.9 x 106-fold, and a 35-cycle reaction yielded 1.7 x
107-fold amplification, with overall efficiencies of 85, 70, and
61%, respectively (31).
The second variable involves the amount of target to be

amplified. Reactions beginning with relatively higher con-
centrations of target are less efficiently amplified. For exam-
ple, a 10-cycle PCR reaction amplifying 10-1' mol of a
110-base-pair segment of the ,3-globin gene present in a
plasmid template yielded a net amplification of 100-fold, or
62% overall efficiency (22). A 20-cycle reaction amplifying
the same sequence, but using 1 ,ug of genomic DNA (con-
taining only about 5 x 10-1' mol of P-globin target), yielded
a 200,000-fold increase in copy number, which corresponds
to about 85% overall efficiency (32).
The third variable is the length of the target sequence to be

amplified. Efficiency is inversely related to the length of the
target sequence amplified. Sequences of up to 2,000 base
pairs have been amplified by using Taq DNA polymerase,
but the efficiency of amplification of this size of region is
considerably lower when compared with the amplification of
sequences of regions of 100 to 300 base pairs (31). Thus, an
effective amplification strategy is to select primers to amplify
small but characteristics target regions (i.e., 100 to 300 base
pairs).

Fourth, efficiency is also directly related to the tempera-
ture used for primer annealing and extension. Increasing the
annealing temperature from 40 to 550C has been observed to
increase the overall sensitivity of 3-globin amplification or
detection by about 100-fold (31). This experiment involved
dilution of normal genomic DNA with DNA from a cell line
with a homozygous P-globin deletion. A 2-jxg portion of total
DNA was amplified in a 40-cycle PCR reaction. The DNA in
the 106-fold dilution was detectable when annealing was
performed at 550C, while only the DNA in the 10-4 dilution
was detectable with 40'C annealing. In the 10-6 dilution
experiment, the equivalent of only one P-globin sequence
per 500,000 cells was present, highlighting the extraordinary
sensitivity of detection obtained with PCR. The increased
efficiency at elevated annealing temperatures may result

from improved reaction specificity (discussed below). Such
high annealing and extension temperatures are possible only
with the use of the thermostable Taq DNA polymerase.

Last, the concentration of the divalent cation Mg2" is a
critical factor influencing the efficiency of Taq polymerase-
catalyzed PCR. While Mg2" is required for Taq polymerase
activity, excess Mg2" can decrease the overall efficiency of
amplification. The mechanism of this effect is unknown; the
possibilities include an unusual Mg2" dependency of the Taq
DNA polymerase or a duplex-stabilizing effect of Mg2+
which interferes with target denaturation. In any event, the
Mg2+ concentration during PCR should be empirically opti-
mized for each target.

Specificity. The specificity of PCR depends primarily on
the particular target sequence, the annealing temperature,
the amount of DNA polymerase used, and the polymeriza-
tion time of each cycle.

During the PCR process, nonspecific DNA synthesis will
occur whenever a primer anneals to an incompletely homol-
ogous region of the original nucleic acid. However, unless
the newly synthesized strand contains a region to which the
second primer can anneal, it will not serve as a template in
the following cycles. Thus, such "misprimed products" will
accumulate in a linear, rather than exponential, fashion. An
exception is mispriming within the portion of the target
sequence bracketed by the two primers; such events will
generate a partial-length product containing both primer
binding sites and will amplify exponentially (22).

Elevated annealing temperatures will increase the strin-
gency of hybridization between the oligonucleotide primers
and the target nucleic acids. This reduces the amount of
mispriming of nontarget sequences, conferring greater spec-
ificity on the amplification process. In the experiment de-
scribed in the preceding section, which compared annealing
at 40 versus 550C, less nonspecific DNA was synthesized
with 550C annealing (31). Electrophoretic analysis of the
amplification products permits verification of their size and
homogeneity. This method of analysis also demonstrates
that increasing amounts of enzyme and longer polymeriza-
tion times result in relatively greater amounts of nonspecific
DNA synthesis. These parameters (primer annealing tem-
perature, amount of enzyme, and polymerization time of
each cycle) should be empirically optimized for each target.

Finally, the specificity of PCR varies depending on the
particular primers utilized and the composition of the back-
ground nucleic acid sequences. An experiment in which
PCR-amplified sequences were cloned into an M13 vector
demonstrates this point (33). P-Globin sequences were am-
plified and subsequently cloned into M13, a single-stranded
DNA bacteriophage cloning vehicle. Although 80% of the
clones contained sequences corresponding to the primers
used for amplification, only 1% contained P-globin se-
quences. In contrast, when HLA-DQa sequences were
similarly amplified and cloned, 20% of the clones contained
the HLA-DQa sequences. The reason for this marked dif-
ference in specificity is unclear, but it has been hypothesized
that these disparate results reflect different hybridization
affinities of the primer pairs for nontarget background se-
quences in genomic DNA.
The specificity of PCR can be altered intentionally to

enable amplification of closely related, but nonidentical
sequences by the use of "degenerate" primers, oligonucle-
otide preparations that consist of a population of molecules
with intentionally introduced sequence ambiguities (20). The
short regions of sequence similarity within the reverse
transcriptases of retroviruses and hepadnaviruses have been
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exploited to design degenerate primers capable of efficiently
amplifying reverse transcriptase sequences from both wood-
chuck hepatitis and duck hepatitis B viruses (10). Interest-
ingly, these primers functioned much more efficiently if
non-target-complementary 5' extensions encoding restric-
tion endonuclease recognition sites were included in their
sequences. Since the 5' extensions are incorporated into the
amplification products during the initial PCR cycles (Fig. 2),
subsequent cycles in which the products act as templates
may benefit from a longer priming duplex, which confers
improved annealing and extension efficiencies. However,
this effect was not observed in a previous study similarly
utilizing 5' extensions to facilitate the cloning of PCR frag-
ments (33).
Error rates. It is important that amplification products

represent faithful copies of the targeted sequences and thus
have few misincorporated bases. This is especially true
when the products are to be analyzed by nucleic acid
hybridization or nucleotide sequence. The overall error
frequency of a 30-cycle, Taq DNA polymerase-catalyzed
PCR reaction used to amplify a DNA target has been
estimated to be 0.25%, or one misincorporation per 400
bases. These data derive from an experiment in which 28
separate clones containing a 239-base-pair amplified product
were sequenced; a total of 17 errors were found (31). The
error frequency of amplifications of RNA targets has not yet
been estimated but is expected to be higher, since the error
frequency of reverse transcriptase (first step in the RNA
amplification reaction) would be superimposed on the Taq
DNA polymerase error rate.

GENERAL APPLICATIONS OF NUCLEIC ACID
AMPLIFICATION IN VITRO

Nucleic Acid Sequence Detection Assays

Improvement of sensitivity and specificity of nucleic acid
hybridization assays. As indicated previously, the use of
nucleic acid sequence amplification in vitro prior to detec-
tion provides remarkable capabilities in sensitivity and spec-
ificity to nucleic acid hybridization assays. An illustrative
example involves the use of allele-specific oligonucleotide
probes for the detection of human ,B-globin alleles. Under
appropriate hybridization conditions, these oligonucleotide
probes are sensitive to single-base variations in the target
sequence (5). Thus, such probes can be used to distinguish
the A, S, and C allelic sequences of P-globin. Before the
development of sequence amplification, such an analysis
required 10 ,ug of genomic DNA (DNA from about 106
human cells) (5). In comparison, when the human P-globin
target sequences are first amplified in vitro, using 25 cycles
of PCR, only an amount equivalent to 33 ng of the original
genomic DNA is required. The identification of the allele
present in the genomic DNA sample is accomplished by
using allele-specific oligonucleotide probes and a simple
slot-blot hybridization protocol (27). The observed sensitiv-
ity of this amplification and hybridization protocol is approx-
imately 100 times that of Southern analysis of unamplified
DNA. A similar approach has been used for the rapid,
prenatal diagnosis of sickle-cell anemia (8).

In addition to single-nucleotide changes, gross chromo-
somal alterations have been detected. Specifically, PCR has
been used to detect a sequence specific to a chromosomal
translocation event characteristic of follicular lymphomas (6,
18). Recently, as few as 1 in 106 cells carrying this translo-
cation could be detected (6). PCR-based analysis detected

this sequence in a patient's remission marrow and blood,
which appeared normal by Southern blot and morphologic
analysis. Clearly, the detection of such correlative translo-
cation events in patients undergoing therapy has significant
implications for the effectiveness of treatment and ultimately
for their prognosis.

Simplification of nucleic acid sequence detection. Detection
of specific sequences by direct visual inspection of gels.
Nucleic acid amplification in vitro allows detection of re-
striction fragment polymorphisms by direct visual inspection
of electrophoretic gels, obviating the use of radioactive
probes. The presence or absence of specific restriction
endonuclease sites can be used as a marker for various
alleles, such as mutations of hemophilia A in the factor VIII
gene. This approach usually requires electrophoresis and
Southern blotting of endonuclease-digested genomic DNA,
followed by identification of the fragments with radioactive
probes. When the portion of the factor VIII gene containing
diagnostic restriction site polymorphisms for hemophilia A is
amplified by a 30-cycle PCR reaction catalyzed by Taq
polymerase, a discrete band is visible on ethidium-stained
gels (16). Thus, the products of digestion with specific
endonucleases can be analyzed directly by visual inspection.
Sequence detection without nucleic acid purification. PCR

can be performed directly on crude cell lysates (16, 30). This
further simplifies a detection assay by obviating DNA puri-
fication. It has been reported that a single-copy gene (P-
globin) can be detected in as few as 75 cells by direct
amplification of a cell lysate prepared simply by boiling (30).
However, as the number of cells in the lysis preparation was
increased, the intensity of the target-specific amplification
signal first leveled off and then decreased, presumably
because of inhibitors of the amplification reaction present in
crude cell lysates. However, such inhibition is not always
observed. In the study of the mutations of hemophilia A
described in the preceding section, the PCR amplification
reactions used alkaline lysates of chorionic villus cells (16).
PCR amplification yielded discrete bands visible on electro-
phoretic gels. Thus, unlike the inhibition observed in the
experiments involving the amplification of P-globin se-
quences, these results indicate that target amplification
involving crude lysis preparation proceeded efficiently.

Nucleotide Sequencing of Targeted Sequences

PCR has been utilized for direct sequence analysis of
genomic DNA. This method is useful when the objective is
to analyze a limited region of DNA for sequence variations.
The method involves PCR amplification of a region of the
target sequence, followed by annealing with a third, radio-
labeled primer to the isolated, amplified DNA. This primer is
extended in the presence of dideoxynucleotides for sequenc-
ing by the chain termination method. This method permits
the rapid analysis of allelic sequence variations among
individuals without requiring the laborious process of clon-
ing each individual sequence. This approach has been used
to characterize the sequences of alleles of P-thalassemia
(37), the c-ras oncogene (21), and human mitochondrial
DNA (38).
An enhanced PCR protocol has been developed to facili-

tate the direct sequencing of the amplified products (35). By
using one PCR primer having the promoter sequence for the
bacteriophage T7 RNA polymerase on its 5' portion, the
amplified products which contain T7 promoter sequences are
transcribed after multiple cycles of PCR amplification. The
resulting single-stranded RNA is then annealed to a primer
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for sequencing. The transcription step enhances the overall
amplification and generates single-stranded template for the
sequencing reaction.

Cloning of Targeted Sequences

PCR can be used to enhance the efficiency of cloning a
specific sequence of interest (33). Restriction endonuclease-
specific sequences can be included on the 5' portions of the
PCR primers and are thus built into the ends of the amplified
sequence. The limitations of this method are the length of the
sequence that can be amplified (currently about 2,000 base
pairs) and the need to know in advance the sequences
flanking the segment to be cloned. If the object is to clone a
known sequence, however, this method obviates the re-
quired construction and screening of full genomic libraries.

APPLICATION OF SEQUENCE AMPLIFICATION TO
THE DETECTION AND STUDY OF HUMAN

PATHOGENIC RETROVIRUSES

Application to HIV-1

The problem of detection of HIV-1. Detection of HIV-1
requires a highly sensitive assay because of the exceedingly
small quantity of virus and viral products present in clinical
samples. The fraction of cells expressing HIV-1 is estimated
to be <100/106, and in some samples <10/106, both for
peripheral blood mononuclear cells (PBMCs) and biopsy
samples of lymph nodes. Furthermore, the level of viral
expression in these cells is quite low, perhaps 20 to 300 RNA
copies per cell, as determined by in situ hybridization (14).
The presence of viral DNA in clinical samples has been
assessed by conventional methods, but the sensitivity is
poor. Southern blots of endonuclease-digested DNA probed
with nick-translated, proviral fragments yielded positive
results in only 8 of 56 samples (14%) of PBMCs and lymph
nodes from patients with acquired immunodeficiency syn-
drome (AIDS) and AIDS-related complex (34). Direct detec-
tion of HIV-1 RNA from PBMCs of infected individuals
yields improved sensitivity, approaching that of coculture
assays (24, 26). However, signal intensity is low. Thus, a
more sensitive assay is needed to study the expression of
HIV during the natural history of infection and during
antiviral therapy.

Detection of HIV-1 in clinical specimens by nucleic acid
amplification. DNA detection. Recently, the use of sequence
amplification for the detection of HIV-1-specific DNA has
been reported (17, 19, 23). The sensitivity of this method far
exceeds that of conventional methods. In a recent study, use
of the PCR amplification protocol permitted the detection of
HIV sequences in 100% of the culture-positive patients and
in 64% (7 of 11) of the seropositive but culture-negative
patients (23). No false-positive results occurred. For each of
these samples, 1 pug of DNA from PBMCs was amplified by
using 35 cycles of PCR, and the products were analyzed by
oligomer restriction. In this technique of oligomer restric-
tion, a radiolabeled oligonucleotide probe is annealed to the
amplification products in solution and then cut with a spe-
cific endonuclease to generate a diagnostic fragment, which
is resolved by electrophoresis (29).

Interestingly, this study demonstrates the potential of the
PCR protocol to generate false-negative results, presumably
caused by variations in the HIV-1 sequence (23). Four
different primer pairs designed to amplify four distinct seg-
ments of the HIV-1 genome were tested. The sensitivity of

any one primer pair in detecting HIV-1 sequences in culture-
positive patients was close or equal to 100%. However, for
seropositive but culture-negative patients, different primer
pairs had a range of sensitivities, from 2 of 11 to 5 of 11
positive results. To achieve maximal sensitivity in this
seropositive but culture-negative group, a given sample
required amplification with multiple primer pairs. Two
primer pairs from the env gene were sufficient to encompass
the entire range of positive results. HIV-1 sequence varia-
tion may account for the inability of a particular primer or
probe set to generate a positive signal; such sequence
variation could reduce the efficiency of primer annealing for
amplification or the efficiency of probe hybridization. Se-
quence heterogeneity is a well-documented property of the
HIV-1 genome (13, 36). Thus, for HIV-1 confirmation as-
says, it would be necessary to pick primer and probe
sequences that are well conserved among HIV-1 isolates.
Even so, it appears that, for HIV-1, multiple regions of the
genome must be amplified to obtain maximal sensitivity.

It should be noted that the detection method used in the
study cited is especially sensitive to target sequence varia-
tions. As noted above, oligomer restriction depends on the
action of a restriction endonuclease. A single-base change in
the amplified target (introduced by strain variation or by
errors in amplification) at the sequence recognized by this
enzyme can cause a false-negative result due to failure to cut
the target or probe duplex. This is the principal reason why
the oligomer restriction detection method will likely be
replaced by an oligomer hybridization method, which re-
quires only hybridization of the 32P-labeled probe.
The extraordinary sensitivity of this amplification-based

assay for HIV-1 can lead to difficulties in the interpretation
of the data. For example, the meaning of the positive results
from sequence amplification in a seropositive but viral
culture-negative individual is open to speculation (23). It
appears to indicate a sensitivity greater than that of cocul-
ture assays. However, the state of activity of the viral
nucleic acids in these patients is not clear. For example,
positive results could be generated by the presence of
partial, defective proviral sequences which are incapable of
supporting viral replication.

Similar difficulties were encountered in interpreting the
results of a PCR-based assay applied to four healthy, HIV-1
antibody-positive homosexual men who became seronega-
tive during follow-up (9). All of the individuals were positive
by the PCR assay at least once during three follow-up
determinations, made at 6-month intervals following loss of
demonstrable HIV-1 antibody. Two individuals became neg-
ative on the last two determinations, indicating that they
may have cleared their viral load below the limits of detec-
tion by PCR. The significance of the persistent viral se-
quences in the other two patients will be clarified only after
continued longitudinal follow-up.

Clearly, early HIV-1 detection can be facilitated by am-
plification-based assays. Two patient groups are of major
clinical importance in this regard: (i) individuals in the
window between exposure and the development of antibody;
and (ii) infants of seropositive mothers in whom the presence
of HIV-1 cannot be determined by serological analysis
during the first 6 months of life because of the presence of
maternal antibodies in their sera.
A recent study addressed the first patient group by ana-

lyzing the DNA from PBMCs of seronegative individuals
who were sexual partners of seropositive individuals (19). Of
16 such individuals, 5 were positive by PCR amplification of
a gag gene sequence, followed by a format that included
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slot-blot, 32P-labeled oligonucleotide, and hybridization de-
tection. The results were confirmed by gel electrophoresis of
the amplification products and detection of the gag-specific
sized fragment. These individuals were negative for HIV-1
antibody by enzyme-linked immunosorbent assay and West-
ern blot (immunoblot), as well as being negative for p24
antigen. All five individuals were reportedly positive by a
PCR assay repeated 2 to 3 months later, although all re-
mained negative by antibody and antigen assays. The signif-
icance of these findings can be evaluated only after contin-
ued longitudinal study has defined the natural history of
these individuals.
RNA detection. An assay for HIV-1 RNA has an advan-

tage over DNA detection in that the presence of viral RNA
indicates ongoing viral replication. The presence of DNA
sequences, on the other hand, gives no information regard-
ing the state of viral replicative activity. Amplification of
RNA sequences can be performed by target-specific com-
plementary DNA synthesis, followed by PCR, as described
above. This approach has been applied to PBMCs of sero-
positive patients (15). Cells were lysed in guanidinium iso-
thiocyanate (a chaotropic salt solution), and the DNA and
RNA were separated by centrifugation on a cesium chloride
gradient. For each sample, DNA and RNA fractions were
separately processed for amplification of a gag gene se-
quence. Detection of this sequence was accomplished by
oligomer restriction. Of 18 patients, 17 were positive for gag
sequence DNA. These patients were seropositive and in-
cluded individuals who had AIDS-related complex and
AIDS, as well as no symptoms. Of the 17 DNA-positive
patients, 11 were positive for RNA. These RNA-positive
patients included several who were receiving various antivi-
ral agents, including azidothymidine, acyclovir, or Ampligen
(a mismatched, double-stranded RNA).

Six patients were negative for RNA but positive for DNA.
Assuming the absence of experimental error, this result
supports the concept of transcriptional latency in the cells
assayed; that is, proviral DNA is present, but no detectable
viral message is being synthesized. It is curious, therefore,
that five of six of these individuals were symptomatic, four
with AIDS-related complex and one with AIDS. Only one
was asymptomatic, and none were receiving antiviral ther-
apy. It is a paradox that these individuals, who were
clinically ill with HIV infection, had no detectable RNA
expression, yet viral DNA was demonstrable. Two explana-
tions are apparent, both of which have important implica-
tions for the design of future studies. One is that HIV
expression in vivo is subject to bursts of viral replication,
interspersed with periods of transcriptional inactivity. If this
is true, then the PCR analysis must include multiple-time-
point data for each individual, to follow a fluctuating viral
load over a sufficient period of time to establish an overall
trend. The second possibility is that the mononuclear cells in
the peripheral blood are not representative of the overall
state of HIV activity in vivo. Further analysis of RNA and
DNA signals over time in patients whose clinical course and
serological status are well characterized will be needed to
clarify these issues.

Applications of nucleic acid amplification in vitro in the
study of HIV-1 pathogenesis. Besides the early detection of
HIV-1 nucleic acid sequences in clinical samples, several
promising uses of in vitro nucleic acid amplification for the
study of HIV-1 pathogenesis are possible. These approaches
may also be used for the study of any viral pathogen.

Quantitation of HIV-I nucleic acids. The development of
a quantitative assay for HIV-1-specific sequences based on
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FIG. 3. HIV env/0-globin gene copy number as a function of
number of infected cultured cells. The value of the HIV-1 envi

,3-globin gene ratio is linear over 0 to 100 infected CEM cells (a
CD4-positive human T-cell line) present in a background of 106 cells.
Total nucleic acids were isolated from 106 cells of each dilution.
These samples were divided in half. Sample A was amplified with an

initial reverse transcription reaction, followed by PCR, amplifying
both DNA and RNA targets. Sample B was amplified without
reverse transcription; only DNA targets were amplified. HIV env

and P-globin sequences were amplified simultaneously in each
sample. After amplification, aliquots of each sample were slot-
blotted and hybridized separately for HIV env and P3-globin se-

quences, using 32P-labeled oligonucleotide probes. Individual slots
were counted in a scintillation counter. Values were corrected for
the relative specific activities of HIV and ,3-globin probes, and a

relative ratio of HIV-1 env copy number to single-copy gene

,B-globin was calculated.

sequence amplification appears achievable. This is possible
under conditions in which nucleic acid isolation is reproduc-
ible, the efficiency of amplification is relatively constant, and
the detection method can measure different yields of ampli-
fied sequence. Such an assay would be valuable in the study
of the natural history of HIV-1 infection and in the evalua-
tion of the effects of antiviral therapy. To some degree,
variations among samples can be normalized by the use of an
internal nucleic acid standard. This quantitative assay ip-
volves the coamplification of an endogenous nucleic acid
sequence whose copy number per cell is invariant. For
example, amplification of a single-copy gene (,B-globin) can
be performed simultaneously with HIV-1-specific se-

quences. The signal for P-globin can then be used to stan-
dardize the HIV-1 signal intensities among samples, which
may differ in the amount of nucleic acid isolated or in
amplification efficiencies. Preliminary results with this ap-

proach indicate a linear relationship between the intensity of
the HIV-1 amplification signal and the number of HIV-
1-infected cultured cells assayed (Fig. 3). A similar approach
has been used to quantitate the amount of dystrophin tran-
script in various tissues as a relative value compared with
the amount of aldolase A transcript (2).

For reproducible quantitation, the target sequence to be
measured and the internal standard with which it is com-

pared must be amplified with similar efficiencies. Since the
efficiency of the PCR reaction decreases with the number of
cycles performed, it is important to document that both the
target and internal standard sequences are in the exponential

HlV-env/#-globin Gene Copy Number
Ratio as a function of the number 0
of infected cultured cells.
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FIG. 4. Signal intensity for HIV env gene (top) or 3-globin gene
(bottom) as a function of PCR cycle number. The increase in signal
intensity of HIV env sequences in two samples of nucleic acids from
the PBMCs of an AIDS patient is exponential until the 25th cycle of
PCR, after which it plateaus. P-Globin sequences are exponential
over 15 to 30 cycles. Clearly, the HIV env/J-globin ratio will be
artifactually decreased if the detection assay is performed after 30
cycles rather than 25. Total nucleic acids were isolated from 106
PBMCs isolated from an AIDS patient at two different times (A and
B). Amplification of both RNA and DNA sequences was performed
by a reverse transcription reaction, followed by PCR. Aliquots of
amplification products taken at 15, 20, 25, and 30 cycles were
slot-blotted and hybridized separately for HIV env and P-globin. (A
20-fold-greater amount of material was assayed for HIV compared
with P-globin.) Individual slots were counted in a scintillation
counter, and the log counts per minute were plotted against cycle
number.

range of amplification during the assay (2). An example of
different amplification efficiencies is shown in Fig. 4, in
which the log of the amount of amplified HIV-1 env and
3-globin sequences is plotted against the cycle number of the
PCR reaction. The two clinical samples represent the total
nucleic acids isolated from 500,000 PBMCs of an AIDS
patient at different times. The signal for HIV-1 env sequence
plateaus between 25 and 30 cycles of PCR. The signal for
3-globin appears linear (exponential) over this range. For the

ratio of HIV-1/P-globin after amplification to reflect the
original copy number ratio in the isolated nucleic acids, the
detection assay should be performed after 25 cycles of PCR,
when the amplification of both target (HIV-1) and standard
(,3-globin) is in the exponential range.
Assay of transcriptional activity. An assay that assesses

viral transcriptional activity can be designed by using PCR
amplification. Specific sequences in RNA molecules can be
amplified as described above. If reverse transcriptase is used
in the first polymerization step of a PCR reaction, HIV-1
sequences present as both RNA and DNA will be amplified
(Fig. 3). If reverse transcriptase is omitted, only DNA
sequences will be amplified. In principle, comparison of
parallel samples amplified with and without reverse tran-

scription yields an index of viral transcriptional activity. For
an RNA virus such as HIV-1, transcriptional activity is a
direct reflection of viral replication. Various factors, includ-
ing T-cell activation and transactivation by DNA viruses, are
known to stimulate HIV-1 replication in vitro (11, 39). The
question of whether such viral activation occurs during the
natural history of HIV-1 infection may be approached by
using an in vitro nucleic acid amplification-based assay.

Viral messenger RNA splicing analysis. PCR can be used
to detect and quantitate specific species of viral RNA that
are generated by differential RNA splicing. The result of
RNA splicing is the juxtaposition of nucleic acid sequences
that are several thousand base pairs apart in proviral DNA or
genomic RNA. If primers are positioned on either side of a
particular splice junction, the sequence of the spliced RNA
is specifically amplified. Although the primers will anneal to
the same sequences in proviral DNA and in RNA molecules
from which the intervening intron has not been spliced out,
effective amplification with these molecules as templates will
not occur because of the great distance between the two
primers. Amplification of a HIV-1 messenger RNA sequence
appropriately spliced for tat expression has been reported
(15). Furthermore, different splice events occurring between
the primer sequences should yield amplification products of
characteristic length. These fragments can be isolated and
sequenced as described above. This approach can be used to
identify and characterize novel splice sites.
HIV-1 has a single transcription start site, but has three

major species ofRNA generated from the primary transcript
by RNA slicing (10). The viral gene rev (trslart) has been
implicated as a regulator of splicing by an as yet uncharac-
terized mechanism. In the absence of rev, spliced species
encoding viral structural proteins and full-length genomic
RNA are not produced, although viral regulatory genes are
expressed (10). By using sequence amplification, it may be
possible to ask whether such a switch in RNA processing by
differential splicing actually occurs during the natural pro-
cess of viral replication.
HIV sequencing. Direct sequence analysis of amplified

products can be used to speed the acquisition of data
regarding sequence variation among HIV-1 isolates. HIV-1
isolates prepared sequentially from specific individuals as
their disease progressed have shown increasing virulence in
vitro (3). Direct sequencing of amplified portions of these
isolates could facilitate the process of sequence comparison,
helping to define which, if any, sequences correspond to
increased virulence.

It has become clear that HIV-1 isolated from an individual
at any point in time is composed of a collection of genomes
with significant nucleotide sequence variation (28). With
direct nucleotide sequence analysis, PCR fragments ampli-
fied from nucleic acids isolated from an infected individual
are expected to display sequence ambiguities at the positions
that are variable in the original viral genomes. This result
might be useful as an approach to ascertain conserved and
variable regions of the viral genome. If a specific, unambig-
uous sequence is sought, however, it would be necessary to
determine the nucleotide sequence of individual clones de-
rived from the amplified region.

Application to HTLV-I

Sequence amplification by PCR has recently been applied
to the detection of human T-cell lymphoma virus type I
(HTLV-I) in clinical specimens. This human retrovirus is
associated with both adult T-cell leukemia or lymphoma and
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a neurologic syndrome with several names, including
chronic progressive myelopathy and tropical spastic para-
paresis. Like HIV-1, this retrovirus is pathogenic at low
copy numbers. Therefore, direct detection of viral compo-
nents in clinical samples is difficult. In a study of patients
with chronic progressive myelopathy, a PCR-based detec-
tion system proved vastly more sensitive than conventional
Southern blot assays, but no more sensitive than detection of
antibodies to HTLV-I by enzyme-linked immunosorbent
assay or Western blot analysis (1). Of 11 antibody-positive
patients with chronic progressive myelopathy, none had
detectable HTLV-I sequences in peripheral blood lympho-
cytes as determined by Southern hybridization analysis.
However, all of these patients were positive by a PCR-based
assay. Five antibody-negative patients were all negative by
PCR as well.
The PCR assay was able to confirm the presence of

HTLV-I-specific sequences in a biopsy specimen from a
patient previously believed to have Hodgkin's lymphoma
(7). This patient was negative for HTLV-I antibodies by
enzyme-linked immunosorbent assay and Western blot. Bi-
opsy specimens were negative by Southern analysis, yet
positive by PCR. Notably, biopsy samples were also positive
by immunohistochemical staining with a monoclonal anti-
body to the HTLV-I p19 gag antigen.

CLINICAL DIAGNOSIS AND SEQUENCE
AMPLIFICATION

PCR has been proposed as a method to identify infected
patients or blood donors before a detectable seroconversion
or to adjudicate between conflicting serological assays when
the question of infection in an individual is ambiguous. This
is an inappropriate and premature application of a promising
technique which must itself first be validated in a systematic
fashion with well-characterized clinical specimens in blinded
studies. An additional potential application of the method is
the discrimination between HTLV-I and HTLV-II infection
or between HIV-1 and HIV-2 infection. In certain individu-
als, antibody assays may be unable to discriminate which
virus type is responsible for a confirmed, positive test;
however, type-specific nucleic acid sequences can be iden-
tified for use in PCR assays.

It is premature to consider the methodology available in
1989 for clinical use. Techniques and reagents are in rapid
evolution. Many practical hurdles, such as false-positive
results due to contamination of reagents and equipment with
sequences, have to be addressed. Yet sequence amplifica-
tion may facilitate the adaptation of nucleic acid hybridiza-
tion assays to routine use in the clinical laboratory. To date,
widespread use of nucleic acid diagnostics has not occurred,
primarily for three reasons (25, 27). One is the need for
nucleic acid isolation. The second is the cumbersome
method of immobilizing nucleic acids onto solid supports,
followed by probe hybridization and washing. Last, the use
of radioactive probes is undesirable for both safety and cost
reasons. Sequence amplification can address these issues.
As described above, PCR can be performed directly on
crude cell lysates, obviating nucleic acid purification. New
methods of nucleic acid immobilization, or "capture," are
on the horizon (12), as are nonisotopic probes. Any relative
loss in sensitivity due to either of these approaches can be
compensated for by sequence amplification prior to detec-
tion. Thus, the future role of sequence amplification in
clinical viral diagnostics promises to be important.

CONCLUSION

The advent of a technique for target-specific nucleic acid
sequence amplification in vitro has had and will continue to
have a dramatic impact on both the study of viral pathogen-
esis and the routine detection of viral pathogens in the
clinical laboratory. Although many of the specific details of
the methodology discussed in this review will doubtless be
rendered obsolete, the general advantages of this approach
will remain. First, nucleic acid amplification in vitro prior to
detection will dramatically improve the sensitivity and spec-
ificity of any nucleic acid detection assay. For the study of
viral pathogenesis, this will enable important questions to be
answered for which the test sensitivity has previously been
insufficient. For the clinical laboratory, the improved sensi-
tivity and specificity conferred by in vitro nucleic acid
amplification may facilitate the development of new detec-
tion techniques which may be more suitable for routine use
than current conventional methods. Second, the ability to
replicate a nucleic acid sequence in vitro, in a sense,
"cell-free molecular cloning" (31), will greatly speed the
manipulations required in the investigation of the molecular
biology of viral pathogens.
The development of nucleic acid probe diagnostics as

facilitated by nucleic acid amplification in vitro is in an early
stage. Many problems must be faced before a standard assay
for pathogens such as HIV-1 is achieved. Most prominent
among these difficulties are the standardization of sample
preparation, amplification (for example, the choice of the
genomic region to be amplified), and, finally, the detection
format itself. The potential rewards of this approach are
motivating intense, ongoing investigations.
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