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Detection of HIV-1 DNA and Messenger RNA in
Individual Cells by PCR-Driven in Situ Hybridization
and Flow Cytometry

Bruce K. Patterson, Michele Till, Patricia Otto, Charles Goolsby,
Manohar R. Furtado, Lincoln J. McBride, Steven M. Wolinsky*

Human immunodeficiency virus type—1 (HIV-1) DNA and messenger RNA sequences in
both cell lines and blood obtained directly from HIV-1-infected patients were amplified by
polymerase chain reaction and hybridized to fluorescein-labeled probes in situ, and the
individually labeled cells were analyzed by flow cytometry. After flow cytometric analysis,
heterogeneous cell populations were reproducibly resolved into HIV-1—positive and —neg-
ative distributions. Fluorescence microscopy showed that the cellular morphology was
preserved and intracellular localization of amplified product DNA was maintained. Reten-
tion of nonspecific probe was not observed. Analysis of proviral DNA and viral messenger
RNAin cells in the blood of HIV-1-infected patients showed that the HIV-1 genome persists
in a large reservoir of latently infected cells. With the use of this technique it is now possible
to detect single-copy DNA or low-abundance messenger RNA rapidly and reproducibly in
a minor subpopulation of cells in suspension at single-cell resolution and to sort those cells

for further characterization.

Interactions between HIV-1 and its host
cell extend across a wide spectrum, from
latent to productive infection. The virus
can persist in cells as unintegrated DNA
(1), as integrated DNA with alternative
states of viral gene expression (2), or as a
defective DNA molecule (3). Determining
the fraction of cells in the blood that are
latently or productively infected is impor-
tant for the understanding of viral patho-
genesis and in the design and testing of
effective therapeutic interventions. Deter-
mining the number of infected cells in a
heterogeneous cell population and the pro-
portion of those cells that are transcription-
ally quiescent requires the unambiguous
identification of low-abundance proviral
DNA and viral mRNA at single-cell reso-
lution (4, 5).

Detection of rare cells containing specif-
ic nucleic acid sequences has been con-
founded by the low copy number of the
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target sequence, variation in sequence spec-
ificity, and the inability to isolate these
cells from a heterogenous population. Rare
target sequences can be detected in vitro
with quantitative polymerase chain reac-
tion (PCR) (6, 7), but the product DNA
signal is averaged for the number of input
cells that are lysed; thereby the association
with individual cells is lost. Although con-
ventional in situ hybridization can unam-
biguously identify target sequences in a
single cell, a low copy number target se-
quence may not be detected. The combina-
tion of PCR with in situ hybridization
allows the target sequence to be amplified
above the limit of detection while main-
taining the cellular architecture (4, 5), but
a large number of microscopic fields need to
be surveyed by a trained observer to dem-
onstrate a rare affected cell.

Flow cytometric detection of DNA se-
quences in nuclei has been attained by
means of fluorescein-linked DNA probes
complementary to total genomic DNA (8)
or highly repetitive chromosome-specific se-
quences (9). Flow cytometry has also been
used to detect fluorescein-labeled probes hy-
bridized in situ to high-abundance a-actin
mRNA (10) or ribosomal RNA (11) in
populations of cells. The ber-abl fusion gene
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has been detected in the human K562 my-
eloid leukemia cell line by flow cytometry
after in situ nested-PCR amplification using
fluorescein-labeled primers (12). Unfortu-
nately, multiple amplification reactions,
poor retention of product DNA within the
cell, and the potential for mispriming by this
technique frequently compromise both sen-
sitivity and specificity. Detection of rare
nucleic acid sequences in a minor subpop-
ulation of cells in suspension by flow cytom-
etry has not been demonstrated.

To detect single-copy proviral DNA or
low-abundance viral mRNA in a subpopula-
tion of cells in suspension, we used PCR-
driven in situ hybridization with fluorescein-
linked oligonucleotide probes and flow cy-
tometry. Intracellular DNA and RNA se-
quences were preserved in situ with a
nonaldehyde, noncross-linking, water-solu-
ble fixative [Streck Tissue Fixative (STF);
Streck Labs, Omaha, Nebraska], and the
cell membrane was permeabilized with pro-
teinase K (1 pg/ml). Specific intracellular
nucleic acid sequences were amplified by a
PCR protocol in which bulky digoxigenin-
linked deoxyuridine 5’-triphosphate (dUTP)
was used to produce a product DNA that
remained in place in situ. Product DNA was
then hybridized in situ with an internally
conserved, fluorescein-labeled oligonucleo-
tide probe, and the cell suspension was
analyzed by flow cytometry.

To demonstrate PCR-driven in situ am-
plification of viral sequences in cells in
suspension, we amplified proviral DNA se-
quences in HIV-1-infected 8E5/LAV cells
(13), which contain a single copy of provi-
ral DNA, by PCR with HIV-1-specific
primers and digoxigenin-linked dUTP (14).
The cell suspension containing known ra-
tios of 8E5/LAV cells and uninfected pe-
ripheral blood mononuclear cells (PBMCs)
was centrifuged onto microscope slides that
had been treated with Denhardt’s solution.
Cells were visualized by light microscopy
after immunohistochemical staining (15)
with alkaline phosphatase—conjugated anti-
digoxigenin (Fig. 1A). A 100% sensitivity
and a 98% specificity was attained on the
basis of duplicate 500-cell counts. Each
experiment was done in triplicate. Nonspe-
cific alkaline phosphatase—conjugated anti-
digoxigenin staining was not detected.

The procedure was optimized for hybrid-
ization of fluorescein-labeled oligonucleotide
probes to cells in suspension under condi-
tions of high stringency (10). Oligonucleo-
tides with fluorescein-linked nucleotides po-
sitioned at 10- to 12-nucleotide intervals
were synthesized by phosphoramidite chem-
istry (16). Intracellular product DNA was
hybridized to either the specific viral probe
or a noncomplementary probe in situ (17).
Intracellular HLA-DQa product DNA se-
quences hybridized to either complementary
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Fig. 1. Detection of product DNA in the 8E5/LAV cell line by PCR-driven in
situ hybridization. Intracellular localization of HIV-1 product DNA in cells
was detected by immunochemistry with conventional light microscopy
(magnification, x1000). Positive cells are stained brown and negative
cells are stained green (A). Amplified HIV-1 DNA in cells detected by
fluorescence-linked oligonucleotide solution hybridization and visualized

by fluorescence microscopy with a monochromatic blue filter (magnifica-

or noncomplementary probes were used as
positive and negative controls, respectively.
Proviral DNA or HLA-DQoa DNA sequences
were amplified by PCR in situ in mixtures of
8E5/LAV cells and uninfected PBMCs in
suspension (18). The heterogeneous cell pop-
ulation was centrifuged onto microscope slides
that had been treated with Denhardt’s solu-
tion and visualized by fluorescence microsco-
py, which showed that the cellular morphol-
ogy was preserved, cellular debris was mini-
mal, and intracellular localization of product
DNA was maintained (Fig. 1B). The non-
complementary probe did not hybridize to the
product DNA in situ (Fig. 1C). Nonspecific
binding was not observed.

To demonstrate that PCR-driven in situ
hybridization of heterogeneous cell popula-
tions in suspension can be analyzed by flow
cytometry, we allowed virus-specific prod-
uct DNA to hybridize in situ to either a
complementary or noncomplementary fluo-
rescein-linked probe. The cells were then
counterstained with propidium iodide (0.01
wg/ml) and sorted (19). To determine the
sensitivity and specificity of this technique,
we used the HIV-1-infected 8E5/LAV cell
line and HIV-1-infected CEM cells (20).
Figure 2A shows a standard curve calculat-
ed from serial dilutions of 8E5/LAV cells
and uninfected PBMCs that were mixed
and then analyzed by amplification, in situ
hybridization, and flow cytometry. Using a
least squares fit linear regression analysis,
we found a linear relation for the detection
of a single copy of intracellular proviral
DNA over a wide range of HIV-1—infected
cell concentrations (correlation coefficient,
r = 0.99). A representative histogram of
the logarithm of green fluorescence (Fig.
2B) illustrates a clear distinction between
the positive and negative cell populations.
Amplification of viral sequences in 8E5/
LAV cells by PCR with the virus-specific
primers and hybridization to the HLA-DQa
5'-fluorescein—labeled probe in situ did not
produce a fluorescence signal above back-

>

tion, x200). (B) Positive cells are bright fluorescent green and (C)
negative cells are dim fluorescent green. (D) Intracellular localization of
amplified HIV-1 tat cDNA in a cell detected by fluorescence-linked
oligonucleotide hybridization, counterstained with propidium iodide, and
visualized with fluorescence microscopy with a monochromatic blue filter
(magnification, x1000).

OExperiment 1
v Experiment 2

Positive celis (%) (measured)

0o 10

20 30 40 50 60
Positive cells (%) (dilution)

Fig. 2. Specificity of amplification, in situ hybridization,
and flow cytometry for HIV-1 detection in cells in suspen-
sion. (A) Standard curve of HIV-1—positive 8E5/LAV cells
serially diluted with HIV-1—-negative PBMCs before ampli-
fication, in situ hybridization, and flow cytometry. (B)
Representative histogram from the 75% HIV-1 DNA-
positive—25% HIV-1 DNA-negative cells sample. A mini-
mum of 2000 cells were counted for each sample.

ground. Similarly, 8E5/LAV cells amplified
in the absence of Thermus aquaticus (Taq)
DNA polymerase and hybridized with the
virus-specific probe also did not produce a
signal above background. Virus-specific
product DNA recovered from the cellular
lysates of the STF-treated cells and analyzed
by Southern (DNA) blot hybridization was
the predicted size (21, 22).

Flow cytometry also was used to analyze
mRNA sequences in the cytoplasm of cells
in suspension (23). CEM cells productively
infected with the HIV-1 NL4-3 strain
(CEM/NL4-3) (24) and uninfected CEM
cells were used as positive and negative
controls, respectively. Viral transcripts were
reverse-transcribed to cDNA, and the mul-
tiple-spliced tat mRNA was amplified with
MF5869-MF8760, which flanks the splice
junction between nucleotides 6083 and 8431
(numbered according to the HIV-1 HXB2
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strain) (25). To detect the low-abundance
tat mRNAs, we allowed product DNA to
hybridize in situ to a tat mRNA-specific
fluorescein-labeled probe that spans the
splice junction (25). Fluorescence micro-
graphs of cells that were centrifuged onto
microscope slides showed specific intracellu-
lar localization of the fluorescein-labeled
probe (Fig. 1D). CEM/NL4-3 cells ampli-
fied by PCR with MF5869-MF8760, hybrid-
ized in situ with the transcript-specific
probe, and analyzed by flow cytometry
showed a replicative experimental range of
28 to 35% positivity. Hybridization with
the noncomplementary provirus probe did
not produce a signal above background, nor
did amplification without rTth reverse tran-
scriptase followed by hybridization with the
complementary probe.

To determine the fraction of cells in
blood of HIV-1-infected patients that had
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Table 1. Quantification of cells harboring ampli-
fied HIV-1 proviral DNA or tat cDNA. Blood was
obtained by phlebotomy from nine HIV-1-infect-
ed and two uninfected study participants en-
rolled in the Multicenter AIDS Cohort Study in
Chicago. Each HIV-1-infected study participant
had a stable CD4* number for at least 18
months before analysis and had not received
any antiretroviral therapy during this time inter-
val. PBMCs were separated by Histopaque

1077 discontinuous density gradient centrifuga- -

tion and were processed for flow cytometric
analysis as described (74, 18, 23). Blood was
also obtained for a white blood cell count, CD4+
and CD8* T lymphocyte subset analysis, and
p24 antigen testing with standard techniques
(33). One subject (patient 6) was p24 antigen—
positive. The values are an arithmetic mean
(xSD) for at least duplicate determinations.

. CD4  HIV-1 HIV-1 tat
Patient  oint DNA (%)  mRNA (%)
1 96 15=30 102
2 113 7+06 1204
3 196 10+27 3+09
4 234 11+38 2+06
5 452 4%10 2402
6 516 8+13 <1%03
7 615 13=3.0 8+03
8 652 8+ 0.1 <1+02
9 045 8206  <1+02
10 1012 0 0
11 12715 0 0
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Fig. 3. Representative histograms from an un-
infected (A) and an HIV-1-infected (B) patient.
The cursor position is indicated by a dashed
line. Sorted positive and negative cell popula-
tions are indicated by the horizontal bars.
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either latent or transcriptionally active viral
infection, we analyzed coded samples of
PBMC:s from nine HIV-1-infected patients
with stable CD4* counts (range, 96 to 945
per microliter) who were not receiving any
antiretroviral therapy and from two unin-
fected subjects for both proviral DNA and
viral mRNA by PCR-driven in situ hybrid-
ization and flow cytometry. A portion of
the cell suspensions was also examined vi-
sually by light microscopy after immunohis-
tochemical staining, and the fraction of
HIV-1-positive cells was determined. Fig-
ure 3, A and B, shows representative his-
tograms for the DNA flow cytometric anal-
yses of the cell populations from an unin-
fected and an HIV-1-infected patient, re-
spectively. The specificity of the product
DNA hybridized in the sorted positive and
sorted negative cell lysates was validated by
fractionation of a single characteristic peak
in the sorted positive cell lysate with the
use of fluorescence-hybridization electro-
phoresis (21, 26). Nonspecific hybridiza-
tion of the noncomplementary probe to the
virus-specific product DNA or binding of
either the complementary or noncomple-
mentary probe to the negative cell popula-
tion was not observed.

Table 1 shows the range of the HIV-1-
host cell interactions among these nine
HIV-1l-infected and two uninfected sub-
jects. The percentage of PBMCs with
HIV-1 proviral DNA varied from 4 to 15%,
whereas the percentage of PBMCs with tat
mRNA varied from <1 to 8%. These frac-
tions corresponded to the numbers of HIV-
1—positive cells detected by amplification
and immunohistochemical staining and ob-
served by light microscopy. The percentage
of PBMCs that harbor proviral DNA is
similar to some (4, 7), but not all (6, 27),
previous estimates. Similarly, the level of
transcriptionally quiescent virus that we
found is consistent with that obtained from
an analysis of an HIV-l-infected lymph
node biopsy specimen by amplification and
in situ hybridization (4), although it is
higher than that observed by others using
conventional in situ hybridization (28).

Several immunopathogenic mechanisms
of HIV-1 infection have been proposed to
explain the functional impairment and
quantitative depletion of cells expressing
the CD4* surface antigen (29). Indirect
cytopathic mechanisms such as superanti-
gen stimulation (30), inappropriate cell
signaling (31), and apoptosis (32) have
been postulated to account for the observed
disparity between a low viral burden and
the degree of immune cell dysfunction and
destruction. Our data indicate that a signif-
icant proportion of PBMCs are infected
with HIV-1. In the majority of the PBMCs
that harbor HIV-1, the virus is in a latent
state. These latently infected cells consti-
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tute a reservoir of persistent infection that
cannot be targeted by the host’s immune
surveillance mechanism. Virus sequestered
in this immunologically privileged focus
could be disseminated within the infected
individual despite natural or vaccine-in-
duced immune stimulation (4). Because of
the magnitude of HIV-1 infection, immune
dysregulation and the depletion of lympho-
cytes and monocytes may be a consequence
of viral gene expression in this population
of infected cells. Although the relation
between viral persistence and gene expres-
sion is complex (1—4), the level of infection
in this population of cells is sufficient to
account for the devastation of the immune
system in people with advanced disease.
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Crystal Structure of Domains 3 and 4 of Rat CD4:
~ Relation to the NH,-Terminal Domains

R. L. Brady,* E. J. Dodson, G. G. Dodson, G. Lange,
S. J. Davis, A. F. Williams, A. N. Barclay

The CD4 antigen is a membrane glycoprotein of T lymphocytes that interacts with major
histocompatibility complex class Il antigens and is also a receptor for the human immu-
nodeficiency virus. The extracellular portion of CD4 is predicted to fold into four immu-
noglobulin-like domains. The crystal structure of the third and fourth domains of rat CD4
was solved at 2.8 angstrom resolution and shows that both domains have immunoglobulin
folds. Domain 3, however, lacks the disulfide between the beta sheets; this results in an
expansion of the domain. There is a difference of 30 degrees in the orientation between
domains 3 and 4 when compared with domains 1 and 2. The two CD4 fragment structures
provide a basis from which models of the overall receptor can be proposed. These models
suggest an extended structure comprising two rigid portions joined by a short and possibly

flexible linker region.

The CD4 antigen is present on the subset
of T lymphocytes that recognize foreign
antigens in the presence of major histocom-
patibility complex (MHC) class II antigens
[reviewed in (1)]. It interacts with MHC
class II molecules (2) and is also the recep-
tor by which the human immunodeficiency
virus (HIV) binds its host (3, 4). The
extracellular portion of CD4 has been pre-
dicted, on the basis of sequence analysis, to
fold into four immunoglobulin (Ig)-like do-
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mains, although the evidence for this orga-
nization in domain 2 (D2), D3, and D4 is
weaker than in D1 (5-8).

Attempts to determine the structure of
the full extracellular portion by protein

- crystallography have so far been unsuccess-

ful (9, 10); but the structures for the two
NH,-terminal domains in which the HIV-
binding site is located have been deter-
mined, and both have an Ig fold (11, 12).
We report the crystal structure, determined
at 2.8 A resolution, of the third and fourth
domains (D3D4) of rat CD4. Rat D3D4
shows considerable sequence homology to
the equivalent domains from human CD4;
however, crystallization of human D3D4,
which contains an additional glycosylation
site, has not been reported.

A protein consisting of CD4 D3 and D4
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