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The presence of human immunodeficiency virus type 1 (HIV-1) proviral DNA in peripheral blood
mononuclear cells (PBMC) of three groups (group 1, more than 500 CD4+ T cells per pl; group 2, between 200
and 499 CD4+ T cells per pl; group 3, fewer than 200 CD4+ T cells per pl) of HIV-1-infected patients, in
different stages of the disease, was determined by using a newly developed flow cytometry analysis of the
product of in situ PCR assay and compared with other markers of viral replication (HIV-1 p24 antigenemia and
viral isolation). Results showed varied percentages of HIV-1-infected PBMC, ranging from 0.6 to 20%. Patients
with more than 500 CD4+ T cells per pl showed the lowest percentage of HIV-1-infected PBMC (2.1 + 1.7),
compared with patients with CD4+ T-cell counts of between 200 and 499 per pl (6.5% *+ 4.1%; P < 0.001) and
patients with fewer than 200 CD4+ T cells per pl (4.9% = 4.7%; P < 0.05). The difference in the percentage
of HIV-1-infected PBMC between group 2 and group 3 patients may in part reflect the loss of CD4+ T
lymphocytes in more advanced stages of the disease. However, the results clearly indicate a striking coincidence
between the fall of the CD4+ T-cell count below 400/ul and the sharp increase in PBMC virus loading and p24
antigenemia. Since the procedure is relatively easy to perform, it could be used to monitor the evolution of

HIV-1 infection and may prove a useful adjunct in tailoring therapeutic strategies.

A dramatic decrease in the number of circulating CD4+
helper-inducer T lymphocytes, followed by a profound de-
rangement of the immune response, is the hallmark of disease
progression in human immunodeficiency virus type 1 (HIV-1)-
infected patients (17, 21, 22, 25).

The quantification of peripheral blood mononuclear cells
(PBMC) productively or latently infected by HIV-1 is essential
to understand various pathogenic aspects of the disease, better
define the stage of the disease, and tailor therapeutic strate-
gies.

Different technical procedures have been used to assess the
frequency of HIV-1-infected cells in the bloodstream (5, 28),
lymphonodi (15, 20), and other regions of the body (17).
Although some studies have furnished interesting new data,
conflicting results have been reported. While initial studies
demonstrated that only 1 or fewer in 100 CD4+ T cells
harbored HIV-1 provirus (5, 27-29), subsequent research
suggested that the percentage of infected PBMC may be much
higher than previously described (14, 9, 15, 23, 26).

The different percentages reported by different authors may
be due, in part, to technical differences in the various studies.
A current limitation of PCR on extracted DNA is the difficulty
in correlating the presence of the viral genome with a single
cell and thus determining the exact percentage of HIV-1-
carrying cells (13). On the other hand, the in situ hybridization
procedures suffer from low sensitivity and although in situ PCR
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can detect a single infected cell, it requires microscopical
screening of a large number of cells to determine the exact
percentage of HIV-1-harboring cells (1, 18). The combination
of in situ PCR and flow cytometry analysis, instead, can
overcome most these drawbacks (23, 31).

Knowing the percentage of HIV-1-infected PBMC during
the different stages of the disease may provide important
information. We therefore investigated the presence of HIV-1
proviral DNA in the PBMC of three groups of HIV-1-
seropositive patients, using a newly developed flow cytometry
analysis of the product of in situ PCR assay in comparison with
other markers (HIV-1 p24 antigenemia and virus isolation) of
infection.

MATERIALS AND METHODS

Patients and controls. Peripheral blood samples were ob-
tained from 53 HIV-1-seropositive subjects classified on the
basis of the 1993 Centers for Disease Control revised classifi-
cation system for HIV infection (7) and from 15 healthy blood
donors, after informed consent according to the Helsinki
Declaration of 1975.

Group 1 comprised 14 patients who were asymptomatic or
showed only persistent generalized lymphadenopathy with a
mean CD4+ T-lymphocyte number of (696 + 200) X 10%liter.
Group 2 included 15 symptomatic subjects, with no AIDS
indicator conditions, with a mean CD4+ T-lymphocyte num-
ber of (347 = 74) X 10%]liter. Group 3 comprised 24 patients
in an advanced stage of the disease, with a mean CD4+
T-lymphocyte number of (76 = 68) X 10%liter.

Three of the 14 asymptomatic patients, 7 of the 15 with
symptomatic disease, and 10 of the 24 with AIDS were
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undergoing 3’'-azido-3’-deoxythymidine (zidovudine) treat-
ment when the peripheral blood samples were obtained (Table
1).

Cell separation. Venous blood was collected in EDTA (K,
7.5%) Vacutainers (Becton Dickinson) and processed within 4
h. Low-density PBMC were isolated by collecting the floating
fractions obtained from leukocyte pellets after centrifugation
over Ficoll-Hypaque density gradients (Sigma, St. Louis, Mo.)
(24). These cells were immediately cultured for virus isolation
and for PCR assays as described below.

HIV-1 p24 antigenemia and viral isolation. Plasma samples
from HIV-1l-infected patients were immediately frozen at
—70°C. HIV-1 p24 antigenemia, after immune complex disso-
ciation by acid treatment, was evaluated by a commercial
enzyme-linked immunosorbent assay kit for the specific quan-
titative determination of HIV-1 gag p24 antigen (Du Pont de
Nemours) used according to the manufacturer’s instructions.
Positive results were all confirmed by neutralization tests
(HIV-1 p24 confirmatory test; Du Pont de Nemours). The
concentration of HIV-1 gag p24 antigen for each positive
sample was gauged by interpolation from the standard curve by
quadratic regression methods. Plasma samples with p24 levels
below 5 pg/ml were considered negative.

For isolation of infectious HIV-1, 10° low-density PBMC
from patients’ blood were kept in growth medium (RPMI 1640
medium; GIBCO, Grand Island, N.Y.) supplemented with
10% heat-inactivated (56°C for 45 min) fetal calf serum
(GIBCO), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; 5 mM), and gentamicin (50 pg/ml) and stimulated
with 1 pg of phytohemagglutinin (Wellcome HA 1617) per ml,
at 37°C. After 2 days, cells cocultivated with 10° phytohemag-
glutinin-stimulated PBMC obtained from healthy donors were
maintained in RPMI 1640 supplemented with 10% TCGF
(Medical System).

Coculture supernatants were tested twice a week for the
presence of HIV-1 gag p24 antigen.

In situ PCR. The reaction was carried out by a newly
developed method of flow cytometry analysis of the product of
in situ PCR assay. The method was derived, with slight
modifications, from methods already described in reports from
our (13, 16) and other (23, 31) laboratories and is based on a
PCR carried out in the presence of digoxigenin-labeled dUTP
to obtain a digoxigenin-labeled amplicon able to react with an
antidigoxigenin fluorescein-conjugated antibody detectable by
a flow cytometric procedure.

Briefly, the reaction was carried out as follows. Cells (5 X
10°) fixed in 1% paraformaldehyde in phosphate-buffered
saline (PBS; pH 7.4) for 2 h at room temperature and washed
three times with 500 wl of PBS were treated with 200 ul of
pronase (10 pg/ml) for 5 min at 37°C in a water bath. Pronase
inactivation was performed by placing the cells at 95°C for 3
min. The cell pellet, obtained by centrifugation at 1,500 X g for
5 min at room temperature, was resuspended in 50 pl of the
following PCR mixture: 10 mM Tris HCI (pH 8.3), 50 mM KCl,
2.5 mM MgCl,, 220 pM (each) dATP, dCTP, and dGTP, 215
pM dTTP, 7 uM digoxigenin-labeled dUTP, 200 pM each
primer, and 2.5 U of Tagq polymerase (Perkin-Elmer Cetus,
Norwalk, Conn.). Oligonucleotide primers SK38 and SK39,
which can amplify a 115-bp region of the HIV-1 gag gene, were
used (19, 30). The amplification was carried out by a hot-start
technique (17) to prevent mispriming and primer dimerization.
The sample was subjected to 35 cycles of denaturation, rean-
nealing, and extension, which were performed at 94°C for 1
min, 55°C for 1.5 min, and 72°C for 1.5 min, respectively. At
the end of the reaction, the cells were washed twice with PBS
(200 pl) and treated with 1% blocking reagent (Boehringer
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GmbH, Mannheim, Germany) in PBS (200 pl) for 10 min at
37°C.

Samples were then centrifuged at 1,500 X g for 5 min and
resuspended in 200 pl of 1% blocking reagent. Antidigoxigenin
fluorescein-conjugated antibody (Boehringer GmbH) was
added (final dilution of 1:1,000), and samples were incubated
for 30 min at room temperature. Finally, after several washings
with 200 pl of PBS, the samples were analyzed by flow
cytometry.

To assess the DNA amplification capability and positive
signal detection in the system employed, samples were ana-
lyzed in parallel with oligonucleotide primers GH26 and GH27
(Perkin-Elmer Cetus), which flank a conserved region of the
HLA-DQ (o) locus, as previously described (12). A couple of
lambda phage-specific oligonucleotide primers (5'-GATGA
GTTCGTGTCCGTACAACTGG-3', mapping at positions
7131 to 7155, and 5'-GGTTATCGAAATCAGCCACAGCG
CC-3', mapping at positions 7606 to 7630) which have no
homologies with HIV-1 or cellular DNA were used as negative
controls.

Construction of a standard curve and positive control for
PCR assays. The 8E5/LAV cell line (11), which contains a
single copy of the HIV-1 provirus genome per cell, was used as
a positive control to verify both the specificity and sensitivity of
the test.

Cells were passed twice a week in RPMI 1640 supplemented
with 10% fetal calf serum (GIBCO).

Cells in the mid-log phase of growth were washed in PBS
and counted in a hemocytometer. To assess the lowest limit of
positive signal detection by the procedure employed and to
construct a standard curve for PCR assays, 8ES/LAV cells were
mixed with uninfected lymphoblastoid A3.01 cells (10) in
various proportions up to a total of 5 X 10° cells and stored at
4°C until tested by PCR as previously described.

Flow cytometry. Cells were analyzed with a FACScan (Bec-
ton Dickinson, Baltimore, Md.) flow cytometer. Laser excita-
tion was 15 mW at 488 nm.

Instrument sensitivity was standardized with calibration
beads (Becton Dickinson). The percentage of fluorescent
positive cells was determined by integration over a range of
0.1% positive counts on identically treated negative controls
(100% uninfected PBMC) or on cell samples for which the in
situ PCR had been performed with nonspecific primers. At
least 10,000 cells were analyzed for each sample.

Statistical analysis. The results are expressed as means *
standard deviations of the data obtained in triplicate experi-
ments. A two-tailed Student’s ¢ test for unpaired data was used
for statistical comparison.

RESULTS

HIV-1 p24 antigen detection and viral isolation. Among the
14 patients of the first group, only 2 (14%) showed detectable
levels of p24 (from 12.2 to 56.9 pg/ml) in plasma samples, while
viral isolation was positive in five cases (36%). Five of 15
patients of the second group (33%) and 14 of 24 of the third
group (58%) showed positive levels of p24 (from 10 to 53 and
from 16 to 560 pg/ml, respectively), while a positive viral
isolation result was obtained from 12 of 15 patients in the
second group and all patients in the third group (Table 1).

Standard curve and positive control for PCR assay. Unin-
fected lymphoblastoid A3.01 cells mixed with serially increas-
ing percentages (0, 6.2, 12.5, 25, 50, and 100) of 8E5/LAV cells
were subjected to amplification and flow cytometry analysis to
verify the specificity of the method. A standard curve was
plotted as shown in Fig. 1; data are representative of two
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TABLE 1. Hematological and virological data from HIV-1-infected patients by CD4+ T-lymphocyte count

No. of T lymphocytes

CD4+ T—cell count No. of leukocytes Lymphocyte Monocyte (10%7liter) p24 Ag' Detection by: CD4+
per liter and (10%7liter) content (%) content (pg/ml) - - cells/PBMC
patient no. (%) CD4+ CD8+ _ Virus ISPCR (%)
isolation (%)
>500 X 10°
1 5,010 36.9 0.8 1,080 696 - 7.3 59.3
2¢ 7,100 44.8 6.0 1,024 1,006 - 1.0 40.2
3 8,100 55.0 15.7 945 2,920 + 2.8 38.7
4 6,400 40.2 4.9 858 1,014 - 0.8 40.6
5 5,800 47.6 5.1 756 1,132 + 3.0 34.4
6 4,700 46.3 7.2 638 836 - 0.6 38.8
7 4,800 41.2 8.8 620 1,080 = 0.8 434
8 5,100 38.6 6.0 580 980 56.9 + 0.8 39.0
9¢ 4,400 40.0 6.0 576 918 - 29 41.5
10¢ 6,000 28.9 7.3 561 714 - 0.8 46.0
11 4,800 36.0 9.0 544 833 12.2 + 23 45.2
12 4,800 35.5 7.2 527 816 - 2.1 42.6
13 3,800 35.7 7.0 520 1,200 + 1.7 48.4
14 3,500 45.9 59 512 576 - 22 39.6
Mean * SD 409 £ 6.6 6932 696 +200 1,051 = 566 2117 427+ 6
(499-200) x 10°
1¢ 7,700 24.8 58 480 912 10.0 + 24 393
2 9,800 36.4 6.4 432 2,736 29.2 + 2.2 253
3¢ 8,200 335 8.1 405 1,944 + 10.9 31.3
4 6,900 31.7 8.6 396 1,188 - 1.2 35.6
5¢ 6,400 42.0 8.0 378 1,755 + 11.3 27.8
6 4,900 45.0 6.0 374 1,232 53.0 + 11.0 26.7
7 3,800 28.0 11.0 374 506 + 9.7 534
8 3,300 35.2 7.5 348 660 + 9.2 423
9 4,500 39.8 10.7 342 1,116 + 3.0 36.2
10¢ 5,100 43.9 7.4 336 1,792 + 11.0 273
11 4,800 20.8 0.0 326 437 - 12 32.7
12¢ 4,500 46.7 7.7 315 1,140 - 9.1 27.0
13 6,100 52.7 6.5 256 1,760 + 7.7 18.1
14 3,200 29.8 10.1 240 530 19.2 + 1.3 44.1
15 8,700 23.0 3.0 200 1,520 15.1 + 6.0 20.4
Mean * SD 356 +94 7.1*x28 347 =74 1,282 + 643 65*41 325%95
<200 x 10°
1¢ 4,570 39.0 12.0 190 1,390 + 5.6 31.7
2 5,200 51.0 7.0 189 2,079 + 1.2 18.3
3 3,900 53.1 3.0 189 1,197 74.3 + 7.4 14.0
4 5,000 37.0 6.0 180 1,296 423.0 + 8.0 223
5 3,200 40.0 6.5 143 793 33.7 + 20.0 23.6
6 8,400 27.7 4.7 138 1,863 204.0 + 4.6 19.6
7 6,500 52.2 5.7 136 2,890 + 2.8 13.5
8 3,100 42.3 58 130 936 146.0 + 3.0 20.8
9 3,700 44.0 6.0 128 1,088 92.0 + 0.8 18.9
10 4,300 114 4.6 84 420 151.9 + 2.1 41.0
11 2,800 40.0 7.0 44 913 129.0 + 8.4 18.2
12¢ 2,700 41.1 10.9 44 484 140.0 + 23 24.1
13¢ 5,100 224 9.1 33 726 + 15.0 30.9
14¢ 3,700 28.0 8.0 33 638 560.0 + 6.3 24.7
15¢ 3,400 30.0 79 30 650 + 6.3 23.2
16 2,400 24.8 5.8 30 360 179.0 + 7.6 23.0
17 3,900 19.6 7.5 24 568 53.0 + 13 29.9
18 7,800 5.4 1.2 20 310 + 4.4 22.1
19¢ 5,700 327 52 19 1,501 + 23 14.6
20 3,400 27.0 3.0 18 648 + 1.0 11.8
21 2,100 25.7 8.0 15 325 + 1.0 259
22¢ 1,200 40.0 17.0 10 185 16.0 + 34 31.3
23¢ 3,200 14.8 4.7 6 444 149.0 + 0.8 25.1
24¢ 2,100 20.1 10.4 4 228 + 1.7 34.7
Mean * SD 321x128 7.0x33 76 * 68 914 + 661 4947 235=%71
“ Ag, antigen.

b ISPCR, in situ PCR.
¢ Under zidovudine treatment.
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FIG. 1. Diagram of results obtained in the experiments with unin-
fected lymphoblastoid A3.01 cells mixed with serially increasing per-
centages (0, 6.2, 12.5, 25, 50, and 100) of 8E5/LAV cells and subjected
to amplification and flow cytometry analysis. Data are representative
of two independent experiments run in triplicate.

independent experiments run in triplicate. The coefficients of
variation at each experimental point never exceeded 5%. By a
least-fit linear regression analysis a linear relation (correlation
coefficient, r = 0.998) was observed between the percentage of
single HIV-1 provirus-bearing cells added to each cell popu-
lation and the percentage of positive cells detected.

Figure 2A to C show some representative histograms for
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FIG. 2. The top histograms (A, B, and C) show some representa-
tive results obtained in the experiments with 8ES/LAYV cells mixed with
various percentages of uninfected A3.01 cells to assess the lower limit
of sensitivity of the method employed: 0.05% 8ES/LAV cells plus
99.95% A3.01 cells (A); 40.00% 8ES/LAV cells plus 60.00% A3.01
cells (B); and 90.00% 8ES/LAYV cells plus 10.00% A3.01 cells (C). The
bottom histograms (D and E) show the percentages of HIV-1-infected
PBMC observed in two widely different HIV-1-seropositive patients:
0.80% positive PBMC in a patient with an absolute CD4+ T-
lymphocyte count of more than 500/l (D) and 20.00% positive PBMC
in a patient with an absolute CD4+ T-lymphocyte count of fewer than
200/pl (E).
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FIG. 3. Example of HIV-positive and -negative cells observed
under a UV lamp-excited microscope. A delimited nuclear fluores-
cence can be observed.

mixed cell populations containing from 0.05 to 100% HIV-1
DNA-positive cells to ascertain the sensitivity of the test in our
experimental conditions. A negative PCR signal was consis-
tently obtained when 8ES/LAV cells were present at a fre-
quency of <0.1%, which means that the lower limit for positive
signal detection by the procedure was about 10 proviral
genomes in a background of 10,000 cells.

No positive signal over the background was ever observed
when DNA polymerase was omitted or lambda phage-specific
primers were used. Nonspecific fluorescein-conjugated anti-
digoxigenin antibody staining was not detected. Figure 3 shows
an example of positive and negative cells with stained nuclei.

Percentage of HIV-1 provirus genome-containing PBMC
detected by in situ PCR. As expected, all HIV-1-seropositive
patients showed detectable levels of HIV-1 provirus DNA in
PBMC, with percentages of positive cells ranging from 0.6 to
20%. Two representative histograms from patients with diver-
gent values are illustrated in Fig. 2D and E.

The percentages of infected PBMC differed in the three
categories of HIV-1-seropositive patients studied. The first
group of subjects showed a mean value of infected PBMC of
2.1% * 1.7% (with a range of positivity from 0.6 to 7.3%),
while the other two categories presented mean values of 6.5%
*+ 4.1% and 4.9% * 4.7% (with ranges of positivity from 1.2 to
11.3% and from 0.8 to 20.0%), respectively (Table 1).

These differences were significant between the first and
second groups of patients (P < 0.001) and between the first
and the third (P < 0.05). The differences remained significant
when the percentages of infected PBMC were normalized for
the CD4+ cells (T4 lymphocytes plus monocytes) estimated to
be present in each sample analyzed by the flow cytometer (Fig.
4).

Figure 4 shows the normalized percentage of HIV-1 provi-
rus-containing CD4+ cells and p24 antigenemia (picograms
per milliliter) of each subject plotted against the absolute
number of CD4+ T lymphocytes per microliter.

As can be seen, the percentage of virus-infected CD4+ cells
and the absolute values of p24 antigenemia were consistently
higher for patients with a CD4+ T-cell count below 400/l
than for patients having higher CD4+ T-cell counts.

No significant differences in the percentages of HIV-1-
infected CD4+ cells were observed between the patients
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FIG. 4. Behavior of in situ PCR and flow cytometry (ISPCR-FC)
normalized for CD4 counts on PBMC of zidovudine-treated and
untreated patients and p24 antigenemia values plotted versus T4
absolute counts per microliter.

undergoing zidovudine therapy and those untreated at the time
of blood sampling.

DISCUSSION

For different technical approaches, contrasting data have
been reported on the number of infected PBMC and CD4+ T
lymphocytes during the course of HIV-1 infection (2, 4, 5, 14,
28). The uncertainty of results and technical difficulties have so
far prevented the routine use of virus load estimates for
disease staging and tailoring of adequate therapeutic strate-
gies.

By slight modifications of methods described in reports from
our (13, 16) and other (23, 31) laboratories, we have worked
out a procedure which allows the flow cytometric analysis of
individual cells containing HIV-1 proviral DNA sequences
amplified by in situ PCR. The procedure is based on the
synthesis of a digoxigenin-tagged amplicon, by incorporation of
digoxigenin-labeled dUTP, and its subsequent exposure to a
fluorescein-conjugated antidigoxigenin antibody. This proce-
dure is able to detect as few as 10 HIV-1 proviral genomes in
a background of 10,000 cells.

By this method, we examined the percentage of HIV-1-
infected PBMC in three groups (group 1, more than 500
CD4+ T cells per pul; group 2, between 200 and 499 CD4+ T
cells per ul, group 3, fewer than 200 CD4+ T cells per pl) of
HIV-1-infected patients in different stages of the disease and
compared results with those of p24 antigenemia and virus
isolation assays.

p24 antigenemia clearly correlated with the absolute number
of CD4+ T cells per microliter and the stage of the disease,
although it was only detected in a low percentage of patients.
Virus isolation was constantly positive in almost all patients
with CD4+ T-cell counts below 500/pl (Table 1). In agreement
with those of other authors (8, 9, 14), our data showed that as
the number of CD4+ T cells declines, the relative amount of
HIV-1 p24 is higher and a greater number of subjects show
HIV-1 p24 antigen detectable in plasma samples.

Flow cytometry analysis of the product of the in situ PCR
assay performed on PBMC showed detectable levels of provi-
ral DNA in all HIV-1-positive subjects studied. The percentage
of positive cells significantly correlated with disease status, p24
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antigenemia, and virus isolation when oligosymptomatic
(group 1) and symptomatic (group 2 and 3) patients were taken
into consideration (Table 1).

In agreement with the data reported by Hsia and Spector
(13), the PBMC from patients with CD4+ T-cell counts
between 200 and 499/ul frequently contained a higher percent-
age (and a higher absolute number) of HIV-1-infected cells
than those with higher or lower CD4+ T-cell numbers.

No significant differences were observed between patients
undergoing zidovudine treatment and those untreated in the
three groups studied. This lack of correlation may be due to
the limited number of subjects analyzed as well as to the length
of the treatment period combined with different immunologi-
cal parameters at the time of blood sampling. Thus our data
suggest the need for further more specific longitudinal studies
on HIV-1-positive patients monitored from the beginning of
therapy onwards.

Although the lower percentage of HIV-1-infected PBMC in
patients with fewer than 200 CD4+ T cells per pl compared
with patients with CD4+ T-cell counts between 200 and 499/l
is not statistically significant and may be explained by the
consistent loss of CD4+ T lymphocytes in the former group of
subjects, our data demonstrate that the value around 500
CD4+ T cells per pl is a critical threshold below which a sharp
increase in PBMC virus load is observed, while a number of
CD4+ T cells per microliter below 200 is associated with
evident virus replication, as demonstrated by the higher levels
of p24 antigenemia (Fig. 4).

In most patients, however, the percentage of HIV-1-infected
PBMC was relatively low, thus indicating that, besides HIV-1
infection of individual cells, additional mechanisms may con-
tribute to the depletion of CD4+ T cells observed in vivo.

In conclusion, we have developed a relatively simple proce-
dure which allows flow cytometry analysis of the product of an
in situ PCR assay. With this technique, we analyzed the
percentage of HIV-1-infected PBMC in 53 seropositive sub-
jects, showing a fairly good correlation with CD4+ T-cell
counts, the different stages of the disease, and other markers of
HIV-1 infection. Moreover, the possibility of easily detecting
the levels of transcriptionally active and quiescent viruses
makes this a valuable method for monitoring the evolution of
HIV-1 infection and providing a useful adjunct in tailoring of
therapeutic strategies.
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