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Abstract

 

A large number of evidences indicate that progression of

HIV disease is driven by an increase in viral burden. It is

still unclear, however, to what extent this is contributed by

the dysregulation of the molecular mechanisms governing

virus gene expression at the transcriptional or posttran-

scriptional levels.

To address this issue, several quantitative virologic pa-

rameters (including provirus transcriptional activity and

splicing pattern) were analyzed in individuals with nonpro-

gressive HIV infection and compared with those of a

matched group of progressor patients. Exact quantification

was achieved by a competitive PCR procedure using a mul-

ticompetitor template.

Nonprogressors were characterized by striking differ-

ences in the levels of viremia, provirus copy number, and

overall levels of all viral mRNA classes in peripheral blood

mononuclear cells. Additionally, the transcriptional activity

of the proviral DNA in these patients was mainly engaged in

the production of multiprocessed transcripts, with a pattern

resembling the early phases of the experimental infection.

Taken together, these results show that both viral load

and provirus transcription pattern are remarkably different

in infected individuals nonprogressing toward overt disease,

and further support the notion that disease progression is

accompanied by a change in the kinetics of HIV gene ex-

pression. (

 

J. Clin. Invest.

 

 1997. 100:893–903.) Key words:

provirus 
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transcription 
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acquired immunodeficiency syn-

drome 
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competitive polymerase chain reaction 
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pathogenesis

 

Introduction

 

During the natural history of clinical HIV infection, progres-
sion of the disease is paralleled by an increase of the amounts
of infectious virus, viral antigens, and virus-specific nucleic ac-
ids in the patients. In general agreement with this notion are a
number of studies that measured the viral load in serum by
quantitative virus culture or quantitative polymerase chain re-
action, the number of infected cells in peripheral blood and

lymph nodes by PCR or by in situ methods, and the levels of
HIV antigenemia by immunologic procedures (1–12).

In particular, the study of virus-specific mRNAs in periph-
eral blood mononuclear cells (PBMCs)

 

1

 

 by reverse tran-
scriptase-PCR (RT-PCR) led to the conclusion that a strong
correlation exists between cellular HIV mRNA levels and the
clinical course of the disease (9, 13–15), often independently of
CD4

 

1

 

 counts and clinical staging (16). Despite the overall
agreement on these observations, it is still not clear whether
the increased presence of virus-specific mRNAs in lymphoid
cells of advanced stage infected patients reflects an increased
expression rate of the provirus, as suggested by some observa-
tions (2, 9), or merely the expansion of the pool of infected
cells (14). In fact, while a number of evidences clearly indicate
the existence of a true latency state of viral gene expression in
experimental settings (17–19), it is still debatable whether a
role for latency exists in controlling the progression of the clin-
ical infection (20–22). 

Similarly, it is still not clear what is the role of the regula-
tion of posttranscriptional processing of HIV-1 mRNAs in the
progression of the disease. In HIV-1–infected cells, 

 

. 

 

20 dif-
ferent viral mRNAs are synthesized, deriving from a single full
length messenger by multiple alternative splicing events (23,
24). Either during the infection of susceptible cell cultures (25,
26) or in cellular systems in which transcription is inducible
(17, 18), a temporal regulation of the synthesis of these tran-
scripts is detectable: initially, short transcripts are prevalent,
encoding for regulatory proteins; subsequently, intermediate
mRNAs (mostly coding for the 

 

Env

 

 proteins) and unspliced
mRNA (

 

Gag

 

/

 

Pol

 

 and viral genome) accumulate.
These experimental observations suggested that the pat-

tern of production of viral transcripts could be linked to the
development of infection also in vivo and could represent a
marker of disease progression (27). However, controversial re-
sults have been obtained by measuring transcript classes in in-
fected individuals: the finding that multispliced RNAs could
be prevalent at early times of the disease while unspliced
RNAs could predominate at later times, similar to the in vitro
infection (6, 9, 15, 28, 29), has been questioned by other studies
showing instead direct correlation between the two mRNA
species during the whole course of the disease (13, 16). Some
of the still unresolved issues (and discrepancies) in the results
obtained by the above mentioned studies are possibly due to
the different methods used for the quantification of HIV nu-
cleic acids in infected samples. In fact, these measurements are
often possibly hindered by the poor quantitative outcome of
conventional PCR amplification.
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In recent years, we have developed and extensively applied
a competitive PCR technology for the exact quantitation of
low abundance nucleic acids in clinical samples (30–35), in-
cluding HIV DNA and RNA in different clinical settings (36–
41). Competitive PCR and RT-PCR (using internal DNA and
RNA competitors, respectively) couple the sensitivity of con-
ventional PCR to the accuracy that is necessary for the exact
quantification of the target molecules, irrespective of sample
nucleic acid purity, primer pair efficiency and specificity, or
amplification kinetics profile. In particular, we have recently
developed a multicompetitive procedure for the quantification
of several virologic parameters in samples from HIV-infected
patients, including viremia, levels of provirus DNA, and differ-
ent classes of HIV mRNAs in infected cells (37). This proce-
dure also allows the exact standardization of the proviral DNA
levels to the copy number of the 

 

b

 

-globin gene, and those of
the viral mRNAs to the levels of the ubiquitously expressed

 

b

 

-actin gene mRNA. 
To understand the role of the regulation of virus gene ex-

pression in the progression of the disease, we have now deter-
mined the above mentioned quantitative virologic parameters
in 11 patients with nonprogressive HIV infection. These pa-
tients fit the definition of long term nonprogressors (LTNPs),
as they belong to the small subset of HIV-1–infected persons
(5–8% of the total) who tolerate infection without immuno-
suppression of disease for prolonged periods (42–47). The
study of the immunologic features of these individuals and of
the properties of their viral strains holds great promise for the
understanding of the cellular and molecular correlates that de-

termine disease progression. In occasional cases, defective vi-
ruses have been detected from LTNPs (48, 49); in other stud-
ies, these individuals were found to be characterized by the
presence of robust cellular and humoral immune responses
against HIV (50–53). In all cases, the most prominent feature
of these individuals is the presence of a highly diminished viral
load.

At present, the kinetics of replication of HIV-1 in the lym-
phoid cells of these individuals, with particular reference to the
mechanisms controlling virus gene expression at the transcrip-
tional and posttranscriptional levels, is still unexplored.

 

Methods

 

Patients.

 

HIV-1–infected individuals were selected among the pa-
tients followed at the Division of Medical Oncology and AIDS, Cen-
tro di Riferimento Oncologico. LTNP patients were defined as indi-
viduals having documented HIV-1 infection for 

 

$ 

 

7 yr, CD4

 

1

 

 cell
counts of 

 

. 

 

500 cells/mm

 

3 

 

and/or 

 

. 

 

30%, without any decline 

 

. 

 

15%
during this time period, and no symptoms related to HIV-1 infection.
None of these patients had ever received antiretroviral therapy. Of
the 11 LTNPs included in this study, 9 had been infected for 

 

$ 

 

9 yr
(Table I). The LTNP group was contrasted with a matched group of
immunologic progressors, defined as patients having documented
HIV-1 infection for 

 

$ 

 

7 yr, with a CD4

 

1

 

 cell count 

 

$ 

 

500/mm

 

3

 

 and/or

 

. 

 

30% at the time of diagnosis and with the occurrence of an AIDS-
defining condition not before 7 yr from this time. These patients did
not receive antiretroviral therapy for at least 4 wk before sampling.
The disease stage and the CD4

 

1

 

 cell counts of these patients at the
time of the study are shown in Table I.

 

Table I. Clinical and Laboratory Characteristics of the Patients Included in the Study

 

Patient Age (yr) Sex Route of infection No. of CD4 cells/mm

 

3

 

No. of years infected HIV disease stage p24 antigen (pg/ml)

 

N1 37 F IVDU 538 10 A1 NS

N2 25 F IVDU 1819 7 A1 NS

N3 32 F Hetero 946 9 A1 NS

N4 31 M IVDU 838 9 A1 NS

N5 35 M IVDU 740 10 A1 NS

N6 36 M Homo 673 7 A1 NS

N7 29 M IVDU 685 9 A1 NS

N8 35 F Hetero 611 10 A1 NS

N9 34 M IVDU 858 9 A1 NS

N10 31 M IVDU 900 10 A1 NS

N11 34 M IVDU 650 9 A1 NS

P1 32 F IVDU 216 10 C2 NS

P2 35 F Hetero 14 9 C3 NS

P4* 42 M Homo 29 9 C3 77.6

P5 38 F IVDU 24 10 C3

 

.

 

 100

P6 36 M IVDU 156 10 C3 NS

P7 35 F IVDU 88 10 C2 28.8

P8 35 M IVDU 17 7 C3

 

.

 

 100

P9 37 M IVDU 37 9 C3 47

P10 32 M IVDU 12 8 C3

 

.

 

 100

P10* 28 M IVDU 2 8 C3

 

.

 

 100

P11 32 M IVDU 18 10 C3 NS

P12 40 M IVDU 80 7 C3 NS

N1-N11, nonprogressors; P1-P12, progressors. IVDU, IV drug use; homo, homosexual; hetero, heterosexual. HIV disease staging is according to the

Centers For Disease Control 1992 classification.
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DNA and RNA extraction.

 

PBMCs were obtained by Ficoll-
Hypaque gradient centrifugation from 10 ml of EDTA-collected
blood. DNA was extracted from frozen cellular pellets according to
standard procedures (54). Viral RNA was extracted from the virion
pellet obtained after ultracentrifugation (40,000 rpm on an SW41t ro-
tor for 60 min; Beckman Instruments, Fullerton, CA) of 5 ml plasma
(38, 40), according to the guanidinium thiocyanate procedure (55).
Cellular RNA was extracted from frozen cellular pellets by cell lysis
in solution D according to the guanidinium thiocyanate procedure
(55).

 

Primers and competitor.

 

Plasmid pSPLI-II was used as a compet-
itor for the competitive PCR determination of the copy number of
HIV-1 proviral DNA and of the reference single-copy 

 

b

 

-globin gene
in DNA samples, while the in vitro transcription product from plas-
mid pSPLI-II was used for the RT-PCR quantification of HIV-1 ge-
nomic RNA in serum, of HIV-1 viral mRNAs, and of the cellular

 

b

 

-actin mRNA in cellular RNA samples. The construction (37) and
the use (38, 40) of this multicompetitor plasmid for the quantitation
of HIV-1 nucleic acids have already been described; a schematic rep-
resentation of the insert of this plasmid is shown in Fig. 1 

 

B

 

. Briefly,
this insert contains four HIV-1 oligonucleotide sequences (primers 1,
2II, 3, and 5) arranged to produce amplification products that are dif-
ferent in size (and hence recognizable by resolution by polyacryl-
amide gel electrophoresis) from those deriving from the viral tem-
plates. Primer 1 (nucleotides 246–273 of the 

 

hivlai

 

; Los Alamos
National Laboratory file, Los Alamos, NM) is localized immediately
downstream of the 5

 

9

 

 LTR sequence, primer 2II (nucleotides 463–
438) at the 5

 

9

 

 end of the 

 

gag

 

 gene, and primer 5 (nucleotides 8021–
8000) at a 3

 

9

 

 position with respect to the 3

 

9

 

-most splice acceptor site
of the HIV-1 full length mRNA (Fig. 1 

 

A

 

). Amplification with primer
pair 1-2II detects HIV-1 proviral DNA in infected cell DNA samples,
unspliced viral mRNAs on cellular mRNA samples, and HIV-1 ge-
nomic RNA on virion RNA samples. Amplification with primer pair
1–5 detects multispliced HIV-1 mRNAs in cellular RNA samples.

Additionally, plasmid pSPLI-II also contains two competitor seg-
ments for cellular 

 

b

 

-actin mRNA (32) and 

 

b

 

-globin DNA (31) copy
number determination, using primer pairs PCO3 and PCO4, and
BA1 and BA4, respectively. These competitor segments contain a
perfect match to the respective target sequences, except for the addi-
tion of 20 extra bp in the middle. 

For the DNA competition experiments, a preparation of plasmid
pSPLI-II was accurately quantified by spectrophotometry, linearized
by digestion at the KpnI site, and an aliquot was diluted and directly
used as a competitive template.

For the competitive RNA experiments, the competitor RNA was
obtained by in vitro run-off transcription from 50 ng of plasmid
pSPLI-II after linearization with KpnI. The in vitro transcription re-
action was performed using a T7 RNA polymerase-based commercial
kit (Promega Corp., Madison, WI), with the addition of 2 

 

m

 

l [

 

32

 

P]UTP
(3,000 Ci/mmol, 10 mCi/ml; Amersham International, Little Chalfont,
UK) to the reaction mix, corresponding to 2.07 

 

3 

 

10

 

7

 

 cpm, as experi-
mentally evaluated by Cerenkov counting. After completion of the
transcription reaction, the template DNA was removed by DNase I
digestion followed by purification of the newly synthesized RNA by
denaturing polyacrylamide gel electrophoresis and elution from the
gel. An aliquot of the purified competitor RNA preparation was
measured in a 

 

b

 

 counter and, according to the U content of the tran-
script, its concentration was evaluated from the final specific activity,
as already described (32, 33).

 

Competitive PCR and RT-PCR.

 

Competitive PCR for the quan-
tification of HIV-1 and 

 

b

 

-globin gene copy number was carried out
on 1 

 

m

 

l of sample DNA with the addition of increasing concentrations
of the pSPLI-II competitive template, in 100 

 

m

 

l of PCR buffer (50
mM KCl, 10 mM Tris-HCl, 2 mM MgCl

 

2

 

) containing the two primers
(100 pmol each), the four dNTPs (200 

 

m

 

M each), and 2.5 U of 

 

Taq

 

DNA polymerase (Perkin-Elmer Cetus Instruments, Emeryville,
CA). Samples were submitted to 50 cycles of amplification with the
following cycle profile: denaturation at 95

 

8

 

C for 30 s, annealing at 60

 

8

 

C

 

(for both primer sets 1-2II and 

 

b

 

-globin) for 30 s, and extension at
72

 

8

 

C for 30 s. Before PCR analysis, DNA samples and KpnI-digested
linearized pSPLI-II competitor were heated to 95

 

8

 

C for 5 min to en-
sure complete denaturation.

For the RNA quantification experiments, the extracted RNA was
reverse transcribed in the presence of the antisense oligonucleotides
specific for each class of transcripts. Each reaction contained 1 

 

m

 

l of
test RNA sample and 3 

 

m

 

l of RNA competitor (the pSPLI-II in vitro
transcription product, opportunely diluted) in 20 

 

m

 

l of reverse tran-
scription mix, composed of 75 mM KCl, 50 mM Tris-HCl, pH 8.3, 3 mM
MgCl

 

2

 

, 0.4 mM each dNTP (Pharmacia LKB Biotechnology, Upp-
sala, Sweden), 2 mM antisense primer, 400 U MMLV-RT (Promega
Corp.), 20 U RNasin (Promega Corp.). RNA was preheated at 65

 

8

 

C
for 5 min and incubated with the reaction mix at 37

 

8

 

C. After 1 h, the
reaction was stopped by incubation at 95

 

8

 

C for 5 min and samples
were cooled on ice. The 20-

 

m

 

l reverse transcription reaction was then
diluted in PCR buffer to a final volume of 100 

 

m

 

l, containing 100
pmol both primers, 200 

 

m

 

M of the four dNTPs each, and 2.5 U of 

 

Taq

 

DNA polymerase. Samples were submitted to 50 cycles of amplifica-
tion with the following cycle profiles: denaturation at 95

 

8

 

C for 30 s,
annealing at 60

 

8

 

C (primer sets 1-2II, 1-5, and 

 

b

 

-actin) for 30 s, exten-
sion at 72

 

8

 

C for 30 s. 
After amplification, 15 

 

m

 

l of each PCR product were resolved on
an 8% nondenaturing polyacrylamide gel, visualized under ultravio-
let light after ethidium bromide staining and photographed. Quantifi-
cation of the amplification product was obtained by densitometric
scanning of the ethidium bromide–stained gels.

 

Statistical analyses.

 

Statistical analyses were done using the Stat-
View 4.5 statistical software package for the Macintosh (Abacus Con-
cepts, Inc., Berkeley, CA).

 

Results

 

11 individuals with long term nonprogressive HIV infection
(LTNPs; see Methods for definition) were included in this
study. Some of the clinical and immunological features of
these individuals are reported in Table I, including age (mean
age: 32 yr), sex, and probable route of infection. They had an
average time of documented infection of 9.0 yr (range 7–10 yr),
and mean CD4

 

1

 

 cells count of 841.6 cells/mm

 

3 

 

(SD 348.6
cells). A detailed analysis of the immunological profile and of
this group of LTNPs has already been presented elsewhere
(56). Here, we describe the quantitative virologic features of
HIV infection in these individuals, and contrast

 

 

 

them with
those found in 12 matched patients (Table I) having the same
age and the same period of documented HIV infection (mean
8.9 yr, range 7–10 yr) and with clear progression of the disease
(CD4

 

1

 

 cell counts: mean 57.7 cells/mm

 

3

 

, SD 66.6 cells). Sev-
eral quantitative virologic parameters (including viremia,
proviral DNA copy number, and levels of unspliced and multi-
spliced mRNAs in peripheral blood mononuclear cells, as
schematically shown in Fig. 1 

 

C

 

) were determined in these pa-
tients by a multiple competitive PCR procedure (37). By tak-
ing advantage of the use of a single multicompetitor molecule,
this procedure permits the exact quantification of the relative
abundance of different DNA and RNA species. The competi-
tor for these quantifications is plasmid pSPLI-II (Fig. 1 

 

B

 

) act-
ing as a competitive template for the determination of HIV-1
proviral DNA and cellular 

 

b

 

-globin gene copy numbers in
DNA samples, and its in vitro transcription product, allowing
the quantification of HIV-1 unspliced, single-spliced, and un-
spliced HIV-1 transcripts and of cellular 

 

b

 

-actin mRNA in cel-
lular mRNA samples. Quantification of multispliced tran-
scripts is performed by using the prevalent transcript coding
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Figure 1. Competitive PCR and 
RT-PCR for the quantification of 
HIV-1 nucleic acids. (A) HIV gene 
organization (top), primary mRNA 
(middle), and HIV exons (gray-

shadowed boxes, bottom). The 59 
most splice site at position 743 and 
the 39 most splice site at position 
8377 are indicated by white and 
black dots, respectively. Numbering 
is according to file hxb2cg of the 
LANL data bank of AIDS-related 
nucleic acid sequences (60). The po-
sition of the three HIV-specific oli-
gonucleotides used in this study and 
their orientation are shown. These 
oligonucleotides were selected on 
the basis of their high level of se-
quence homology with most HIV 
isolates in the LANL data base. (B) 
Schematic representation of the in-
sert of plasmid pSPLI-II, used as 
competitor for the competitive PCR 
experiments. The plasmid contains 
three DNA fragment inserts, to be 
used as competitors for the determi-
nation of HIV-1, b-actin, and
b-globin copy number. The HIV-1 
insert contains four HIV-1 primers 
(1, 5, 2II, and 3, indicated by arrows 
showing the orientation); amplifica-
tion with primers 1 and 2II detects 
proviral DNA in DNA samples and 
viral unspliced genomic RNA in 
RNA samples. The positions of 

these primers on the competitor are arranged to produce a 240-bp amplification fragment that can be easily resolved by size from the corre-
sponding HIV-1 PCR products. The b-globin fragment contains a segment of the human b-globin gene with 20 extra nucleotides in the middle 
(31), amplifiable with primers PCO3 and PCO4 to give rise to a product of 130 bp. The RNA competitor for the competitive RT-PCR experi-
ments is obtained by in vitro run off transcription of this plasmid by T7 RNA polymerase after linearization at the KpnI site. The transcribed 
RNA contains a polyA tail, indicated by (A) at its 39 end. (C) Flow chart for the quantification of quantitative virologic parameters in HIV-1–
infected individuals. Quantitative PCR was performed on DNA samples extracted from PBMCs with linearized pSPLI-II plasmid DNA com-
petitor and primer sets 1-2II (HIV) and PCO3-PCO4 (b-globin). Competitive RT-PCR was performed on RNA samples using the in vitro tran-
scription product of pSPLI-II and primer sets 1-2II (viremia in plasma RNA samples and genomic length mRNA in cellular samples), 1–5 
(multispliced Rev mRNA in cellular samples), and BA1–BA4 (b-actin in cellular samples). In all cases, a fixed amount of sample DNA or RNA 
was mixed with increasing amounts of DNA or RNA competitor, respectively, and submitted to PCR or RT-PCR. After amplification, the PCR 
products were resolved by polyacrylamide gel electrophoresis, stained by ethidium bromide, and the bands corresponding to the PCR products 
for the competitor and the template were quantified by densitometric scanning. The ratio between competitor and target (shown at the bottom 
of the gels for the lanes where both the species were detectable) reflects the ratio between the two species at the beginning of the reaction. M, 
molecular weight marker; molec., molecules. Arrows indicate HIV-specific bands; in the case of multispliced transcripts, several products are de-
tectable; the one used for quantification corresponds to a cDNA coding for Rev (see reference 37).

 

for the Rev protein as an estimate for all the transcripts in this
class. The use of internal standards for the quantification of to-
tal extracted DNA (

 

b

 

-globin) and RNA (

 

b

 

-actin) appears very
important for these quantitative evaluations, since the total
amount of extracted nucleic acids from clinical samples is often
very variable. We have already used this procedure to study
the regulation of HIV-1 gene expression in in vitro–infected
experimental models (37) and to monitor viral load in HIV-1–
infected patients (38, 40, 41).

 

Viral load.

 

The levels of HIV-1 viremia were determined
by competitive RT-PCR amplification of RNA extracted from
virion pellets using the in vitro–transcribed RNA product of
plasmid pSPLI-II and primer set 1-2II (Fig. 1 

 

A

 

). The values

obtained are reported in Table II, where they are expressed as
viral RNA molecules per milliliter of plasma. The distribution
of these values in the two categories of patients is graphically
shown in Fig. 2 

 

A

 

. The threshold for detection by competitive
RT-PCR was of one molecule in 25 

 

m

 

l of extracted RNA (cor-
responding to 40 viral RNA molecules per milliliter). Viral
RNA resulted at undetectable levels in four patients with non-
progressive infection; these samples are indicated by an arrow
pointing down in Fig. 2 

 

A

 

. For statistical analysis, HIV RNA
concentration in the samples was considered 10

 

3

 

 less abun-
dant than the threshold limit, considering that a 

 

, 

 

10-fold dif-
ference between competitor and sample would have been de-
tected in the competitive PCR assay (30, 33).
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The mean levels of virion-associated RNA in patients with
nonprogressive infection was of 5.82

 

 3 

 

10

 

2

 

 molecules/ml
plasma (range, min/max: 4/2.5

 

 3 

 

10

 

3

 

; SD 8.85 3 102). These
values were several orders of magnitude lower than those de-
tected in the group of patients with progressive HIV infections
(mean value, 1.97 3 106 viral RNA molecules/ml; range, 5 3

103/2 3 107; SD 5.47 3 106; P , 0.0001 in the Mann-Whitney
nonparametric test for unpaired groups).

The amount of HIV-1 proviral DNA copies in PBMCs
from the two groups of patients was determined by the quanti-
fication of viral DNA and of the b-globin cellular DNA copy
numbers in extracted DNA samples. Proviral DNA copy num-
bers are reported in Table II, where they are expressed as rela-
tive to the total number of mononuclear cells (as evaluated by
b-globin gene quantification) or by taking into account also
the number of circulating CD41 cells, considering that these
cells are the targets for HIV infection. The distribution of HIV
provirus DNA in CD41 cells is shown in Fig. 2 B for the two
groups of patients. The mean value of proviral DNA copies in
CD41 cells from nonprogressor patients was of 0.012 mole-

cules/CD41 cell, SD 0.019; range 0.001–0.066), corresponding
to 1 provirus for every 83 CD41 cells. In progressor patients,
the mean value of provirus DNA copies was of 4.00 molecules
per CD41 cell (SD 5.08; range 0.2–15; P , 0.0001). This esti-
mate indicates that virtually all the circulating CD41 cells har-
bor HIV viral genomes in patients with progressed infection.
It should be observed that the quantification of HIV provi-
rus by the selected primers detects both integrated and epi-
somal DNA. 

Taken together, the data obtained by the quantification of
the levels of viremia and of provirus copy number in PBMCs
support the notion that viral load is highly augmented in pa-
tients progressing toward overt HIV disease. Paired compari-
son of the levels of viremia and of the provirus copy number in
the total sample population shows that these two measure-
ments are very well correlated (nonparametric Spearman rank
correlation test, P , 0.001). Thus, the combined use of these
two variables depicts two distinct patient populations (progres-
sor and nonprogressor) clearly distinguishable by different vi-
ral load.

Figure 1 (Continued)
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Table II. HIV-1 DNA and RNA Levels in Nonprogressor and Progressor Individuals

Viremia
HIV RNA/ml plasma

Proviral DNA Spliced HIV RNA Unspliced HIV RNA

Patient HIV DNA/b-globin HIV DNA/CD4 HIV RNA/b-actin HIV RNA/CD4 HIV RNA/provirus HIV RNA/b-actin HIV RNA/CD4 HIV RNA/provirus Spliced/unspliced HIV RNA

N1 8.3 3 101 3.0 3 1022 6.6 3 1022 2.0 3 1024 4.4 3 1024 6.7 3 1023 2.0 3 1024 4.4 3 1024 6.7 3 1023 1.0 3 100

N2 8.3 3 102 3.0 3 1023 7.3 3 1023 1.0 3 1024 2.4 3 1024 3.3 3 1022 3.3 3 1024 8.1 3 1024 1.1 3 1021 3.0 3 1021

N3 7.5 3 102 2.4 3 1023 5.3 3 1023 1.0 3 1023 2.2 3 1023 4.2 3 1021 1.0 3 1022 2.2 3 1022 4.2 3 100 1.0 3 1021

N4 2.0 3 102 1.0 3 1023 2.2 3 1023 1.7 3 1025 3.7 3 1025 1.7 3 1022 6.0 3 1025 1.3 3 1024 6.0 3 1022 2.8 3 1021

N5 2.5 3 103 5.0 3 1023 1.6 3 1022 8.3 3 1025 2.7 3 1024 1.7 3 1022 5.0 3 1024 1.6 3 1023 1.0 3 1021 1.7 3 1021

N6 1.3 3 101 2.5 3 1023 6.0 3 1023 5.0 3 1025 1.2 3 1024 2.0 3 1022 1.0 3 1024 2.4 3 1024 4.0 3 1022 5.0 3 1021

N7 4.0 3 100 1.0 3 1023 2.7 3 1023 1.0 3 1024 2.7 3 1024 1.0 3 1021 4.0 3 1023 1.1 3 1022 4.0 3 100 2.5 3 1022

N8 4.0 3 100 1.2 3 1023 2.8 3 1023 2.5 3 1024 5.8 3 1024 2.1 3 1021 2.5 3 1025 5.8 3 1025 2.1 3 1022 1.0 3 101

N9 5.0 3 100 4.0 3 1024 9.3 3 1024 3.3 3 1024 7.7 3 1024 8.3 3 1021 2.0 3 1023 4.6 3 1023 5.0 3 100 1.7 3 1021

N10 2.0 3 103 1.0 3 1022 2.5 3 1022 4.0 3 1023 1.0 3 1022 4.0 3 1021 2.0 3 1023 5.0 3 1023 2.0 3 1021 2.0 3 100

N11 4.0 3 100 5.0 3 1024 1.9 3 1023 ND — — ND — — —

P1 1.2 3 105 3.3 3 1021 5.6 3 100 5.0 3 1023 8.3 3 1022 1.5 3 1022 1.5 3 1021 2.5 3 100 4.5 3 1021 3.3 3 1022

P2 2.0 3 107 3.3 3 1021 1.2 3 101 1.0 3 1024 3.7 3 1023 3.0 3 1024 2.5 3 1022 9.3 3 1021 7.5 3 1022 4.0 3 1023

P4* 1.2 3 105 5.0 3 1022 8.6 3 1021 5.0 3 1023 8.6 3 1022 1.0 3 1021 4.0 3 1021 6.9 3 100 8.0 3 100 1.3 3 1022

P5 5.0 3 104 ND — 2.5 3 1023 3.0 3 1022 • 3.0 3 1022 3.6 3 1021 • 8.3 3 1021

P6 1.0 3 106 7.5 3 1022 6.4 3 1021 7.5 3 1024 6.4 3 1023 1.0 3 1022 1.5 3 100 1.3 3 101 2.0 3 101 5.0 3 1024

P7 3.0 3 105 2.8 3 1021 1.6 3 100 2.0 3 1023 1.1 3 1022 7.3 3 1023 1.0 3 1021 5.7 3 1021 3.6 3 1021 2.0 3 1022

P8 6.0 3 105 3.0 3 1021 1.9 3 100 6.3 3 1024 4.0 3 1023 2.1 3 1022 1.0 3 1021 6.4 3 1021 3.3 3 1021 6.2 3 1022

P9 6.0 3 105 5.0 3 1022 4.7 3 1021 5.0 3 1024 4.7 3 1023 1.0 3 1022 5.0 3 1021 4.7 3 100 1.0 3 101 1.0 3 1023

P10 6.7 3 104 1.0 3 1021 4.0 3 100 3.0 3 1023 1.2 3 1021 3.0 3 1022 ND — — —

P10* 5.0 3 103 7.5 3 1022 1.5 3 101 1.0 3 1023 2.0 3 1021 1.3 3 1022 5.0 3 1022 1.0 3 101 6.7 3 1021 2.0 3 1022

P11 2.5 3 105 4.0 3 1022 2.0 3 1021 1.2 3 1024 6.0 3 1024 3.0 3 1023 4.0 3 1021 2.0 3 100 1.0 3 101 3.0 3 1024

P12 5.0 3 105 3.0 3 1021 1.5 3 100 ND — — 1.3 3 1022 6.7 3 1022 4.0 3 1021 —

HIV proviral DNA copy number in PBMCs is expressed both as the number of HIV DNA molecules per b-globin molecule (proviral DNA copies/b-globin gene copies) and as the number of HIV DNA

molecules per CD4 cells (proviral DNA copies/[b-globin DNA copies*percentage CD4 cells/100]). The levels of HIV mRNAs are expressed as number of transcripts per b-actin mRNA (HIV mRNA mol-

ecules/b-actin mRNA molecules), number of transcripts per CD41 cell (HIV mRNA copies/[b-actin mRNA molecules*percentage CD4 cells/100]), and as number of transcripts per proviral DNA mole-

cules in the same sample ([HIV mRNA molecules/b-actin mRNA molecules]/[HIV proviral DNA copies/b-globin DNA copies]). The last measurement reflects the transcriptional activity of the provirus

(i.e., number of transcripts produced per provirus). The last column reports the ratio between spliced and unspliced transcripts.
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Expression of viral mRNAs. The finding that viral load is
highly increased in patients progressing in HIV disease with
respect to nonprogressing individuals (. 3,0003 for viremia
and . 4003 for provirus copy number) predicts an increased
rate of virus replication in the former group of patients. This
should be reflected by the presence of an increased number of
virus-specific transcripts in cellular RNA samples. Therefore,
we quantitatively determined the levels of viral mRNAs be-
longing to the unspliced and multispliced classes in cellular
RNA samples obtained from peripheral blood cells from the
two groups of patients. The results are presented in Table II,
where the measurements of two transcript classes are ex-
pressed as relative to b-actin mRNA levels (i.e., viral RNAs in
the total RNA sample), or are expressed as relative to the ex-
pected b-actin mRNA levels in CD41 cells only (first two col-
umns for each transcript class). The latter measurements are
graphically shown in Fig. 3, A and B, respectively.

The levels of both HIV multispliced and unspliced tran-
scripts were clearly higher in progressor patients. The mean

value for short transcripts was 1.5 3 1023 Rev mRNA mole-
cules/b-actin molecule in nonprogressors (SD 3.0 3 1023) and
5.0 3 1022 molecules in progressor patients (SD 6.5 3 1022;
P , 0.001, Mann-Whitney rank test). The difference between
the mean values obtained for the two groups of patients for
multispliced transcripts (. 30-fold) was even greater for the
mRNA of genomic length. This transcript was found in periph-
eral blood CD41 cells at a frequency of 4.6 3 1023 molecules/
b-actin molecule in nonprogressors (SD 7.0 3 1023) and 3.76
molecules/b-actin molecule in progressor patients (SD 4.33;
P , 0.001, Mann-Whitney rank test; . 8003 difference be-
tween the mean value of the two groups). Considering that
b-actin is a highly transcribed gene, these values indicate that
transcription of the provirus is a highly sustained process in pa-
tients with HIV disease and that this process takes place also in
peripheral blood CD41 cells. According to this observation,
when the pattern of virus transcription was correlated to the
levels of viremia, a strict correlation was found between the in-
tracellular levels of unspliced transcripts (but not of multi-

Figure 2. Viral load. (A) Viral ge-
nomic RNA molecules per milliliter 
of plasma (viremia) in patients
with nonprogressive or progressive
HIV-1 infection. Viral RNA results 
were undetectable in four patients 
with nonprogressive infection; these 
samples are indicated by an arrow 
pointing down. The median of the 
values for each group is indicated. 
(B) Proviral DNA copy number in 
peripheral blood CD41 cells. The 
values represent the number of 
provirus DNA molecules per CD41 
cell, evaluated by considering the 
total number of cells (according to 
the quantification of the b-globin 
gene copy number) and the percent-
age of CD41 cells. The actual mea-
surements are shown in Table II.

Figure 3. Expression of viral
mRNAs in peripheral blood
CD41 cells. The levels of multi-
spliced Rev mRNA (A) and full 
length genomic RNA (B) are shown 
for the population of nonprogressor 
and progressor patients. The values 
correspond to the number of HIV 
mRNA molecules of the two classes 
after standardization for the b-actin 
mRNA levels quantified in each to-
tal RNA sample and according to 
the percentage of CD41 cells (see 
Table II).
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spliced transcripts) and the amount of virus RNA in plasma
(Spearman rank correlation test, P , 0.001). While a potential
caveat of this observation is that unspliced mRNA levels are
also contributed by binding of virions to CD4 cells, the sim-
plest molecular explanation is that the proviral DNA in pro-
gressor patients is committed to the production of unspliced
RNAs for the assembly and release of new viral particles.

Virus transcription pattern. The above reported quantita-
tive determinations on the levels of HIV RNAs clearly indi-
cate that a dramatic burst of viral replication exists in patients
with progressive HIV infection, and that this is reflected at the
cellular level by the accumulation of virus-specific mRNAs.
The question arises whether this burst could be due to the in-
creased transcriptional rate of the provirus, or if it results from
the expansion of the pool of infected cells and the subsequent
existence of more proviral DNA molecules, which act as tem-
plates for viral RNA transcription. To address this issue, we
studied the levels of viral multispliced and unspliced mRNAs
with respect to the levels of proviral DNA molecules in CD41

cells. The results of these evaluations are presented for each
transcript class in the respective rightmost columns in Table II
(HIV RNA/provirus), and are graphically shown in Fig. 4 for
the two groups of patients. The values are expressed as the
number of spliced and unspliced HIV mRNA molecules (Fig.
4, A and B, respectively) transcribed by each molecule of
proviral DNA; exact standardization of the competitive PCR
quantifications was obtained by measurement of the cellular
b-actin mRNA molecules in RNA samples for HIV transcripts
and of cellular b-globin gene copy number in DNA samples.
Therefore, these results truly depict the transcriptional activity
of the provirus in peripheral blood mononuclear cells of the
patients. Surprisingly, analysis of the results indicates that the
transcriptional activity of the provirus was remarkably differ-
ent in the two groups. The production of multispliced tran-
scripts was increased in nonprogressor patients (mean, 2.0 3

1021 Rev mRNA molecules/HIV provirus; SD 2.7 3 1021) with
respect to progressor patients (mean, 2.1 3 1022 Rev mRNA
molecules/provirus; SD 2.9 3 1021; P , 0.05, Mann-Whitney
rank test). This z 103 difference in the mean values of short
RNA transcripts between the two groups was completely re-
versed when the genomic-length viral RNA was considered. In
this case, patients with nonprogressive HIV infection had
z 43 less viral RNA per provirus than patients with progres-
sive infection (nonprogressors mean value, 1.4 unspliced
mRNA molecules/HIV provirus; SD 2.1; progressor mean
value, 5.0 unspliced mRNA molecules/provirus; SD 6.8; P ,

0.05, Mann-Whitney rank test). Accordingly, when the ratio
between the two viral transcript classes was considered, pa-
tients with nonprogressive infection had a mean value of 1.45
short Rev transcripts/unspliced transcript in their peripheral
blood cells (SD 3.06), while patients with progressive infection
had 0.01 short transcripts per unspliced RNA (SD 0.26; P ,

0.01). These values are shown in the rightmost column of Ta-
ble II and plotted in Fig. 4 C.

Altogether, these observations indicate that the pattern of
HIV-1 gene expression in patients with nonprogressive infec-
tion is remarkably different from that found in patients with
HIV disease. Viral RNA transcription in the former group of
patients resembles the one detectable during the latent phase
in chronically infected cell lines in which expression is induc-
ible (18, 19, 37), or during the early phases of the experimental
infection of susceptible CD41 cells (25, 26).

Discussion

Similar to all retroviruses, one of the major determinants of
the rate of HIV replication is the regulation of provirus gene
expression in infected cells, which is accomplished by a com-
plex network of protein–DNA and protein–RNA interactions
involving both cellular and viral factors and connecting the

Figure 4. Pattern of provirus gene expression. (A and B) The graphs show the level of multispliced Rev mRNA (A) and full length genomic HIV 
RNA (B) for the two populations of patients, calculated as the number of viral RNA molecules expressed per provirus DNA copy. Provirus gene 
expression is prevalently engaged in the production of multispliced mRNAs in individuals nonprogressing toward HIV disease, while the oppo-
site occurs in patients with progressive disease. (C) Ratio between HIV multispliced Rev mRNA and genomic length mRNA in the two popula-
tions of patients.
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control of virus gene expression to the regulation of cellular
proliferation and metabolism. These mechanisms involve the
control of both provirus transcription rate, which generates a
single mRNA of genomic length, and of posttranscriptional
processing of this transcript. While it has been relatively easy
to study the pattern of HIV gene expression in experimental
systems, obtaining interesting information about the regula-
tion of these processes, these studies in infected patients have
been hampered by the difficulty of getting truly quantitative
data given the relatively low levels at which HIV transcripts
are found in vivo. Still, several important questions need to be
answered about the natural history of infection that could take
advantage of the exact understanding of the kinetics of HIV
replication. These include the existence of a true latency phase
at the single cell level and its relationship with the CD41 acti-
vation state; the role of transcriptional activation of the provi-
rus by inducible cellular factors and by extracellular Tat pro-
tein; the function of RNA processing and translational
mechanism in preventing virion protein and genomic RNA
production. The understanding of some of these issues can
take advantage of truly quantitative competitive PCR studies
on biological samples from HIV-infected individuals. 

In this work, we have addressed the issue of understanding
the kinetics of HIV-1 replication in the development of HIV
disease by contrasting the quantification of HIV mRNAs in
samples from patients with nonprogressive infection with that
from patients with the same temporal history of infection but
with clear progression of the disease. Several quantitative dif-
ferences were found between these two groups of individuals:
(a) the mean levels of viral RNA in plasma were increased
more than 3,0003 in progressor patients with respect to non-
progressor individuals; (b) the mean levels of provirus copies
in peripheral blood CD41 cells were increased more than 400-
fold in progressors; (c) the levels of unspliced and multispliced
transcripts in progressors were more than 800 and 303, respec-
tively, higher than those in nonprogressors; (d) short, multi-
spliced HIV transcripts produced per provirus DNA copy
were 123 more abundant in peripheral blood cells of nonpro-
gressors, while long unspliced RNAs were more than 33 as
abundant in samples from progressors. These results clearly in-
dicate not only that viral load is dramatically divergent in the
two groups of patients, as suggested by previous studies (50,
51), but also that the kinetics of HIV gene expression, includ-
ing the pattern of virus mRNA processing, is different. 

The quantitative HIV mRNA evaluations were performed
in RNA samples from peripheral blood. Interestingly, when
the levels of viremia (which is expected to reflect viral load in
the lymphoid system; reference 57) and the levels of peripheral
blood cells harboring HIV genomes were considered for the
overall sample population, a strict correlation was found be-
tween the two variables. This observation, together with the
finding that active proviral DNA transcription occurs in pe-
ripheral blood CD41 cells, suggests that these cells actively
participate in the highly dynamic turnover occurring during
HIV infection, and supports the notion that their analysis is
appropriate to understanding the kinetics of HIV replication.
Additionally, it should be also observed that in the majority of
both progressors and nonprogressors, the viral RNA/DNA ra-
tios, representing the provirus transcriptional activity, are # 1;
this indicates that in several cells the provirus is in an inactive
state. 

The finding that the pattern of provirus transcription is re-

markably different in patients not progressing toward overt
disease deserves further comment. The prevalent production
of regulatory transcript mRNAs, with respect to HIV genome
RNA, is a hallmark of the first phases of the experimental in-
fection, when virus production is still not detectable and there
is accumulation of viral regulatory proteins (58). Additionally,
this is the same pattern that can be found in chronically in-
fected cell lines that produce undetectable amounts of virus
and have been taken as a model for the study of viral latency
(17, 18, 37). Production of replicative virus in these cells lines
can be obtained by cellular stimulation with various agents
that trigger cellular activation and proliferation. The finding of
a similar “latency” pattern in samples of nonprogressor indi-
viduals suggests that viral replication in these individuals is a
highly controlled process, with respect to progressor patients
showing runaway replication and subsequent production of
massive amounts of viral genomes.

While the analysis of long term nonprogressor individuals
in contrast with progressor patients emphasizes this different
pattern of HIV gene expression, it should be considered that a
pattern resembling the early phase of infection is likely to be
present also in patients during the asymptomatic phase of in-
fection, regardless whether they will become long term non-
progressors or not. Accordingly, the dysregulation of the
mechanisms controlling these events is likely to occur progres-
sively during the course of the infection, as also suggested both
by longitudinal studies (15, 29) and by studies analyzing the
factors that predict the rate of disease progression (14). 

Finally, it is of great interest to understand which are the
mechanisms responsible for the maintenance of the early pat-
tern of virus gene expression in nonprogressor individuals.
These mechanisms can act on the organism level, by more effi-
cient clearance of cells engaged in virus production by cyto-
toxic T-lymphocytes in nonprogressors (59). Alternatively,
they can act at the posttranscriptional level in each infected
cell by interfering with the export of unspliced mRNA, which
is required for a fully productive infection. In both cases, the
definition of such mechanisms would represent a very impor-
tant goal for the understanding of the molecular correlates of
disease progression in HIV-1–infected individuals.
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