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DETECTION OF HUMAN
IMMUNODEFICIENCY VIRUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 10/044,197, filed Jan. 10, 2002 (now aban-
doned), which s a continuation of U.S. patent application Ser.
No. 09/478,170, filed Jan. 5, 2000 (now abandoned), which
claims the benefit of U.S. Provisional Patent Application Ser.
No. 60/115,228, filed Jan. 8, 1999, all of which are incorpo-
rated herein by reference in their entirety.

STATEMENT AS TO FEDERALLY-SPONSORED
RESEARCH

The invention was made with Government grants from the
National Institutes of Health (RR11589, HL.57880, A132391,
and AI32907). The Government has certain rights in the
invention.

FIELD OF THE INVENTION

The invention relates to human immunodeficiency virus
(HIV) detection assays.

BACKGROUND OF THE INVENTION

Various assays have been developed to detect HIV. A com-
mon HIV-1 detection assay utilizes quantitative polymerase
chain reaction (PCR) as a means to amplify and detect viral
RNA present in patient plasma. HIV-1 positive individuals
undergoing combination antiviral therapy (i.e., receiving two
or more anti-HIV-1 compounds) can exhibit decreased viral
loads in the peripheral blood. In some cases, after several
weeks or months of therapy, HIV-1 RNA cannot be detected
in the peripheral blood, indicating possible eradication of
HIV-1 in those individuals. Unfortunately, if patients exhib-
iting such a seemingly negative result stop therapy in the face
of continued viral replication below the sensitivity of detec-
tion assays, the HIV can rebound very rapidly. Thus, the
limited sensitivity of HIV detection assays provides a chal-
lenge to further advances in therapy.

SUMMARY OF THE INVENTION

The invention is based on the discovery that patients having
no virus detectable in the blood by known means, e.g.,
patients undergoing drug therapy, such as combination drug
therapy, can nevertheless harbor newly HIV-infected cells,
and that these newly infected cells can be detected by the
presence of 2-LTR circles in peripheral blood mononuclear
cells. The presence of the 2-L.TR circles indicates the persis-
tence of viral spread in those patients, in spite of the fact that
these patients have no detectable virus in the blood.

The invention is also based on the discovery that, for other
previously HIV-positive patients without detectable virus, no
2-LTR circles are present, indicating that eradication of HIV
is possible.

Accordingly, the invention features a method of detecting
an HIV-infected cell (e.g., an HIV-1-infected cell) in a mam-
mal (e.g., a human) undergoing combination anti-HIV drug
therapy by detecting an HIV 2-LTR circle DNA molecule
obtained from a cell (e.g., a peripheral blood mononuclear
cell) of the mammal. In one embodiment of the method,
cell-free HIV viral RNA cannot be detected in the blood of the
mammal.
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In another aspect, the invention features a method of
detecting an HIV-infected cell (e.g., an HIV-1-infected cell)
in a mammal (e.g., a human) by detecting an HIV 2-LTR
circle DNA molecule obtained from a cell (e.g., a peripheral
blood mononuclear cell) of an HIV-positive mammal (e.g., an
HIV-1-positive human). In this method, cell-free HIV viral
RNA cannot be detected in the blood of the mammal. In one
embodiment, the mammal undergoes combination anti-HIV
drug therapy.

The invention also includes a method of treatment for HIV
infection in a mammal (e.g., a human) by (1) administering to
the mammal (e.g., a human) one or more anti-HIV agents
(e.g., one or more HIV protease inhibitors and one or more
HIV reverse transcriptase inhibitors) in an amount effective to
reduce an HIV viral load (e.g., circulating plasma viral load)
in the mammal; and (2) detecting HIV-infected cells in the
mammal using the detection methods of the invention. The
treatment is continued until the level of HIV-infected cells
falls below 100 (e.g., below 50, 25, 10, 5 or 1) in one million
peripheral blood mononuclear cells (PBMC).

In the methods ofthe invention, the HIV 2-LTR circle DNA
molecule can be obtained from the cell using an alkaline lysis
method. In addition, the detecting step can include amplify-
ing (e.g., by PCR) the DNA molecule before the detecting
step. Examples of primers used for PCR include a (=) strand
primer spanning nucleotides 9591 to 9610 of the HXB2 strain
of HIV-1, and a (+) strand primer spanning nucleotides 9650-
9669 of the HXB2 strain of HIV-1.

A combination anti-HIV drug therapy includes the admin-
istration of two or more antiviral compounds. Such com-
pounds include HIV reverse transcriptase inhibitors such as
zidovudine (ZDV), didanosine (ddl), and zalcitabine (ddC);
and HIV protease inhibitors such as indinavir (IDV), ritonavir
(RTV), saquinavir (SQV), and nelfinavir (NFV). Other com-
pounds include inhibitors of integration, virus assembly,
envelope glycoprotein binding to receptor or co-receptor, or
fusion between virus and cell membranes.

An HIV-positive individual is one who produces antibodies
that specifically bind to an HIV viral protein.

Cell-free HIV viral RNA is RNA that is not associated with
acell (e.g., RNA in plasma).

The methods of the invention are useful for evaluating the
level of newly HIV-infected cells in HIV-positive individuals
undergoing antiviral therapy. A feature of the methods is the
detection of 2-LTR circles. Since 2-LTR circles exist only in
the first several hours after productive infection and are
degraded thereafter, they are a suitable marker for newly
infected cells.

Confirmation of the eradication of HIV by the methods of
the invention gives the individual or his healthcare provider
the option to cease antiviral therapy. Conversely, the presence
of' newly infected cells during therapy, in spite of the absence
of HIV RNA in the blood, signals to the healthcare provider to
continue therapy. This is important because the premature
cessation of therapy allows the virus to grow anew, often
establishing a more persistent infection and more devastating
symptoms in the patient than before antiviral therapy com-
menced.

Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention
belongs. Although suitable methods and materials for the
practice or testing of the present invention are described
below, other methods and materials similar or equivalent to
those described herein, which are well known in the art, can
also be used. All publications, patent applications, patents,
and other references mentioned herein are incorporated by
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reference in their entirety. In case of conflict, the present
specification, including definitions, will control. In addition,
the materials, methods, and examples are illustrative only and
not intended to be limiting.

Other features and advantages of the invention will be
apparent from the following detailed description, and from
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are graphs of viral DNA (copies/10°
cells) versus time post RT inhibition, showing data for HIV-
1, ,,and HIV-1 . respectively.

FIGS. 2A-2D are graphs of HIV-1 RNA or genomes versus
time in weeks, showing the data for patients Gu, Sm, Za, and
Ha, respectively.

FIG. 3 is a data point plot of number of virus-positive and
virus-negative cultures for patient designations.

DETAILED DESCRIPTION

The invention relates to a method of determining the level
of newly HIV-infected cells (i.e., viral spread) in HIV-posi-
tive patients, for example, patients undergoing antiviral drug
therapy, by detecting HIV 2-LTR circles in the patients’ cells.
The method is especially useful for detecting HIV 2-LTR
circles in patients testing negative for plasma viral RNA. As
discussed above, patients without detectable plasma viral
RNA may still retain circulating virus. Thus, complete eradi-
cation of virus from an HIV-positive individual should be
confirmed by an absence of newly HIV-infected cells in that
individual. The methods of the invention provide a means for
that confirmation.

In vitro studies of retroviruses have shown that the first
evidence of reverse transcription is unintegrated viral DNA
appearing in the cytoplasm, which is transported to the
nucleus within hours after infection of a cell (Shank et al., J.
Virol., 25:104-114, 1978; Clayman et al., Science, 206:582-
584, 1979; and Stevenson et al., EMBO J., 9:1551-1560,
1990). In the case of HIV-1, this unintegrated DNA exists in
several forms, including incompletely or completely reverse-
transcribed linear DNA, circular DNA containing one TR,
and circular DNA containing two LTRs (2-LTR circles).
2-LTR circles are identical to integrated proviruses, except
that the ends of'the LTR are joined in a head-to-tail fashion via
a linker sequence of a few nucleotides.

As such, PCR can be used to specifically amplify a small
segment (a few hundred base pairs) spanning the 2-LTR junc-
tion. The PCR will be specific for 2-LTR circles, since neither
proviruses, single LTR circles, or other incomplete viral
reverse transcription products will be amplified.

Sample Preparation

A variety of biological samples can be analyzed by the
methods of the invention, including blood and solid-tissue
biopsies (e.g., a lymph node biopsy). For example, blood can
be collected from an HIV-positive individual undergoing
combination therapy. PBMC are isolated by standard ficoll-
based isolation procedures. The PBMC are then lysed and the
total or extrachromosomal DNA isolated.

Total cellular DNA can be extracted by lysing the PBMC in
detergent, digesting the cellular protein, and precipitating the
DNA (Pauza et al., Virology, 205:470-478, 1984; and Panther
etal., J. Acquir. Immune. Defic. Syndr. Hum. Retro., 17:303-
313, 1998). Extrachromosomal DNA can be isolated by any
method known in the art, including standard alkaline lysis,
Hirt extraction, or guanidinium thiocyanate precipitation (Ju-
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rrians et al., J. Gen. Virol., 73:1537-1541, 1992, Stevenson et
al., J. Virol. 64:2421-2425, 1990; and Sambrook et al., eds.,
Molecular Cloning: A Laboratory Manual. 2nd, ed., Cold
Spring Harbor Laboratory, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y., 1989).

Although the standard alkaline lysis technique is best
known for isolating plasmid DNA from bacteria, this tech-
nique can also be used according to the invention to isolate
2-LTR circles from mammalian cells. The Spin Miniprep Kit
available from Qiagen (Cat. No. 27104) is especially useful
for this purpose. The methods of the invention include the use
of'this technique to isolate and purify 2-LTR circle DNA.

When possible, extrachromosomal DNA, instead of total
DNA, should be isolated since the number of target 2-LTR
circles per microgram of extrachromosomal DNA is expected
to be far greater than the number of 2-L'TR circles per micro-
gram of total cellular DNA.

Detecting 2-I'TR Circles

2-LTR circles can be detected by standard techniques
which do not require nucleic acid amplification, such as
Southern blotting. The DNA sample obtained as described
herein can be hybridized with 2-L'TR circle-specific probes
that are directly or indirectly labeled with chromogenic,
radioactive, fluorescent, or luminescent labels.

Where amplification of the 2-LTR circles before detection
is desired, the 2-LTR circles can be detected by any amplifi-
cation method well known in the art. These methods include
polymerase chain reaction (PCR) (U.S. Pat. Nos. 4,683,195
and 4,683,202) and variants thereof. Another suitable nucleic
acid amplification method is ligation chain reaction (LCR) or
variants thereof (Landegran et al., Science, 241:1077-1080,
1988; and Nakazawa et al., Proc. Natl. Acad. Sci. USA,
91:360-364, 1994).

Other amplification methods include: self-sustained
sequence replication (Guatelli et al., Proc. Natl. Acad. Sci.
US4, 87:1874-1878, 1990), transcriptional amplification sys-
tem (Kwoh, etal., Proc. Natl. Acad. Sci. USA, 86:1173-1177,
1989), and QQ-Beta Replicase (Lizardi et al., Bio/Technology,
6:1197, 1988).

However the 2-LTR circles are detected, a threshold level
of 2-LTR circles per million cells would be useful to define
meaningful numbers of the circles. If the assay is capable of
single-molecule sensitivity, a base threshold can be estab-
lished at one circle per million PBMC, which is appropriate
when determining whether eradication of HIV has been
achieved in a patient. Whenever a patient tests above this
threshold, the patient is said to exhibit active viral infection.
Whenever a patient tests below the threshold, the patient is
said to not exhibit active viral infection and is a candidate for
removal from antiviral therapy. In other contexts, such as
when the level of 2-LTR circles are used to determine the
efficacy of any antiviral regiment, thresholds above one per
million PBMC may be appropriate (e.g., 10, 50, 100, or 250
circles/10° PBMC).

Any of the above methods can be combined in a method of
the invention to achieve suitable 2-L.TR detection efficiencies.

Administration of Antiviral Drugs

The dosages, specific formulations, and routes of admin-
istration of HIV antiviral drugs are known in the art. See, eg.,
Physicians’ Desk Reference, Fifty-fourth edition, Medical
Economics Company, Montvale, N.J., 2000.

The invention will be further described in the following
example, which does not limit the scope of the invention
described in the claims.
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EXAMPLE 1

Blood samples were obtained using standard techniques
from 20 HIV-1-infected individuals who began and continued
to receive combination anti-HIV drug therapy. All of these
patients exhibited a period of time in which, after commence-
ment of combination therapy, no plasma viral RNA could be
detected by quantitative PCR. PBMC were isolated from each
blood sample, and the extrachromosomal DNA was purified
using the Spin Miniprep Kit available from Qiagen as Cat.
No. 27104, generally following the manufacturer’s direc-
tions.

HIV-1 2-LTR circles were detected by quantitative PCR
using the 2-LTR-specific primers described in Stevenson et
al., J. Virol., 64:2421-2425 (1990). The (-) strand primer
spanned nucleotides 9591 to 9610 (or 507-526) of the HXB2
strain of HIV-1, while the (+) strand primer spanned nucle-
otides 9650-9669 (or 566-585) of the HXB2 strain of HIV-1
(Ratner et al., Nature, 313:277-284,1985). Plasma viral RNA
in each sample was also measured using the Amplicor HIV
Monitor™ kit (Roche Molecular Systems, Inc., Branchburg,
N.J.), employing HIV-1-specific quantitative PCR, following
manufacturer’s directions. The threshold of detection for this
standard HIV-1 RNA detection assay was about 50 viral RNA
molecules per milliliter of plasma. On the other hand, the
threshold for the method of the invention at which the number
of 2-LTR circles was conservatively estimated to give a posi-
tive result was set at 1 molecule or circle per million PBMC
(roughly about 0.1 to 1 ml whole blood). Higher thresholds
could be set, but such thresholds may lead to more false
negatives. Considering the consequences of false negatives,
the lowest practical threshold should be used. The results are
summarized in Table 1.

TABLE 1
# Viral RNA/ #2-LTR Circles/ Months without
Patient ml Plasma 106 cells Detectable Viral RNA
1 <50 20 N/A
2 155 25 8
3 <50 47 12
4 <50 872 9
5 N/A 13 N/A
6 <50 <1 9
7 <50 6200 7
8 <50 <1 17
9 N/A 1 N/A
10 <50 1 N/A
11 <50 240 19
12 121 36 19
13 N/A 3 15
14 <50 48 10
15 <50 <1 24
16 <50 1 9
17 <50 3 15
18 <50 <1 16
19 <50 271 15
20 69 117 4

Table 1 illustrates the unexpectedly superior sensitivity of
2-LTR circle detection as compared to the standard plasma
viral load assay. Some HIV-positive individuals, who do not
have detectable plasma virus, nevertheless harbor newly HIV-
infected blood cells, as indicated by the presence of 2-LTR
circles (i.e., patients 1-5, 7, 9-14, 16, 17, 19, and 20). These
individuals should not cease antiviral therapy, since infec-
tious virus is still present in the body.

On the other hand, in some patients with undetectable
plasma virus, no 2-LTR circles were detected in their PBMC
(i.e., patients 6, 8, 15, and 18). These individuals may have
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6

completely eradicated HIV from their bodies, and are candi-
dates for removal from antiviral therapy.

EXAMPLE 2

The stability of 2-LTR circle forms of viral DNA were
initially examined in acutely infected cells in vitro. CD4*
MT-4 T cells and Jurkat-CCRS cells were infected with the
X4 variant HIV-1, ,, and the RS variant HIV-1,,,, respec-
tively. Synthesis of viral cDNA was allowed to proceed for 24
hours, and further rounds of virus infection and cDNA syn-
thesis were then restricted by the addition of reverse tran-
scriptase inhibitors ZDV (5 uM) or Nevirapine (1 pM) to
HIV-1, ,; and HIV-1,,, infected cells, respectively. Cells
were then maintained in the presence of the RT inhibitors.

The experimental procedures used in Examples 2-4 are
briefly described.

The relationship between 2-L'TR circle frequency and
either the duration of undetectable plasma viral RNA or the
frequency of positive virus co-cultures was examined using
Spearman’s correlation coefficient. Mean frequency of posi-
tive co-cultures in 2-LTR circle positive individuals and
2-LTR circle negative individuals as shown in FIG. 3 was
further compared by a paired t-test.

Ficoll-purified PBMC (2-40x10°) were collected by cen-
trifugation at 1300xg for 2 minutes. Cell pellets were resus-
pended in buffer P1 and extrachromosomal DNA was purified
by a QlAprep™ spin miniprep kit (Qiagen, Valencia, Calif.)
using the modification for the isolation of low copy number
plasmids as recommended by the manufacturer. Chromo-
somal DNA was recovered from the sodium acetate-SDS
precipitate using DNAzol™ reagent (Life Technologies,
Gaithersburg, Md.) according to the manufacturer’s protocol.
Total cellular DNA was purified using an Isoquick™ nucleic
acid extraction kit (ORCA Research, Bothell, Wash.).

2-LTR circle junctions were amplified from 10-30 pl of
extrachromosomal DNA in a 50 pl reaction containing 1x
HotStarTaq™ buffer, 200 nM dNTPs, 400 nM primers, and
1.5 units HotStarTaq™ (Qiagen, Valencia, Calif.). The
reverse primer was S5'-cagatctggtctaaccagaga-3' (SEQ ID
NO:1), and the forward primer was 5'-gtaactagagatccctcagac-
3'(SEQ ID NO:2), which annealed to nucleotides 9157-9137
(HIV-1 LTR R region) and nucleotides 130-150 (HIV-1 LTR
US region) of HIV-1, ,,, respectively (see GenBank Acces-
sion No. K02013 for numbering). After an initial denaturation
step (95° C., 10 minutes), PCR amplification proceeded for
45 cycles (95° C., 30 seconds; 60° C., 30 seconds; 72° C., 60
seconds) followed by a final extension (72° C., 5 minutes).

To control for the effect of sequence polymorphisms at
primer binding sites, amplification was performed with inter-
nal primers which were reversed in orientation to those listed
above. Amplification with the internal LTR primers pro-
ceeded for 35 cycles using conditions outlined above. Poly-
morphisms in the region of the LTR that is recognized by the
fluorogenic probe can affect annealing of the probe and
potentially result in “false negatives.” Consequently, Tagman
reaction products were subsequently analyzed on agarose-
TBE gels and stained with ethidium bromide to ensure that
those reactions did not contain episome-specific PCR prod-
ucts. For quantitation of 2-LTR circle frequency in patient
PBMC, PCR reactions were performed using an ABI prism
7700 sequence detection system with the addition of 200 nM
fluorogenic probe (5'-agtggcgagecctecagatgetge-3'; SEQ ID
NO:3) to the reaction. The probe anneals to nucleotides 9081-
9103 of HIV-1, ,;and was modified with 6-FAM (6-carboxy-
fluorescein) reporter dye on the 5' end and 6-TAMRA (6-car-
boxytetramethylrhodamine) quencher dye on the 3' end.















