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BSTRACT

 

Background 

 

Highly active antiretroviral therapy
can effectively decrease the levels of human immu-
nodeficiency virus type 1 (HIV-1) virions in peripheral
plasma and seminal fluid of infected men. Whether
the genital tract of HIV-1–infected men who are re-
ceiving highly active antiretroviral therapy and who
have no detectable virus in the peripheral plasma
harbors replication-competent virus is not known.

 

Methods

 

We collected peripheral-blood and se-
men samples from seven men with HIV-1 infection
who were receiving highly active antiretroviral ther-
apy and who had no detectable viral RNA (fewer
than 50 copies per milliliter) in plasma and analyzed
the samples for cell-associated proviral DNA using a
quantitative polymerase-chain-reaction assay. Rep-
lication-competent viruses were evaluated by cell-
coculture assays. Proviral DNA and replication-com-
petent virus obtained from peripheral-blood and
seminal cells were also analyzed by sequencing rel-
evant viral genes.

 

Results

 

Despite the long-term suppression of HIV-1
RNA in the plasma of the seven men, proviral DNA
was detected in seminal cells in four. Replication-
competent viruses were recovered from peripheral-
blood cells in three men and from the seminal cells
in two of these three men. The viruses recovered
from the seminal cells had no genotypic mutations
suggestive of resistance to antiretroviral drugs and
were macrophage-tropic, a feature that is character-
istic of HIV-1 strains that are capable of being sexu-
ally transmitted.

 

Conclusions

 

In HIV-1–infected men who are re-
ceiving highly active antiretroviral therapy and who
have no detectable levels of viral RNA in plasma, the
virus may be present in seminal cells and therefore
may be capable of being transmitted sexually. (N Engl
J Med 1998;339:1803-9.)
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EXUAL transmission has a major role in the
spread of human immunodeficiency virus
type 1 (HIV-1). The semen of infected men
may contain high levels of HIV-1, and infec-

tious viruses can be recovered from seminal cells or
seminal fluid from these men.

 

1-4

 

 Seminal cells are
mixtures of spermatozoa, precursors of germ cells,
T lymphocytes, macrophages, and epithelial cells,
and HIV-1 proviral DNA has been detected in sev-
eral types of these cells.

 

4-8

 

 The level of HIV-1 RNA
in seminal fluid can also be correlated with the level
in plasma, and antiretroviral therapy decreases the

S

 

levels not only in plasma but also in seminal fluid.

 

9,10

 

There are often significant differences in the viral
load and the viral sequences between semen and pe-
ripheral blood, suggesting that the replication of
HIV-1 may be compartmentalized in vivo.

 

11,12

 

Recently, therapy with combinations of antiretro-
viral drugs, referred to as highly active antiretroviral
therapy, has resulted in the suppression of HIV-1
RNA in plasma to below the limits of detection of
many assay systems and increased the survival of
many HIV-1–infected patients.

 

13,14

 

 In these patients,
the viral load in lymphoid tissues is dramatically de-
creased,

 

15,16

 

 but proviral DNA can still be detected
in resting CD4 T lymphocytes in the peripheral
blood, and replication-competent virus can be re-
covered from these cells, indicating that the cells
could be a reservoir for viral replication.

 

17-19

 

 HIV-1
can replicate in many types of cells and many lo-
cations in the body, but whether tissues and cells
other than resting CD4 T lymphocytes in peripheral
blood harbor replication-competent virus in patients
who are receiving long-term highly active antiretro-
viral therapy is not known. We examined whether
proviral DNA and replication-competent virus were
present in the seminal cells of HIV-1–infected men
who were receiving highly active antiretroviral ther-
apy and in whom no viral RNA could be detected
in plasma.

 

METHODS

 

Study Subjects

 

We studied seven men with HIV-1 infection who had plasma
levels of HIV-1 RNA below 400 copies per milliliter when meas-
ured by a reverse-transcriptase–polymerase-chain-reaction (RT-
PCR) assay on three occasions at least one month apart. The men
had pretreatment plasma HIV-1 RNA levels of at least 1000 cop-
ies per milliliter and had been taking highly active antiretroviral
therapy for 5 to 41 months. They were identified from among a
cohort of more than 400 men with HIV-1 infection who were
treated in our clinics. Approximately four other men who met the
eligibility criterion declined to participate in the study. On the
days on which samples of peripheral blood and semen were ob-
tained for the study, the plasma HIV-1 RNA levels in all seven
men were below 50 copies per milliliter, as measured with a sensi-
tive RT-PCR technique described previously.

 

20-22

 

 The semen sam-
ples were collected by masturbation into clean containers. All
samples were processed within two hours after collection. The
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study protocol was approved by the university’s institutional re-
view board, and all the men gave written informed consent.

 

Quantitative HIV-1 DNA and RNA Analyses

 

Peripheral-blood cells were separated from plasma by discon-
tinuous Ficoll centrifugation at 1000¬

 

g

 

 for 20 minutes at 4°C.
Seminal cells were separated from seminal fluid by centrifugation
at 500¬

 

g

 

 for 10 minutes at 4°C. The cell-associated HIV-1 provi-
ral DNA levels and virion-associated RNA levels were measured
as described previously.

 

20-22

 

 To separate the virions from plasma
and seminal fluid, the samples were centrifuged at 150,000¬

 

g

 

 for
one hour. The RNA was isolated from the pellets by acid guani-
dinium thiocyanate–phenol–chloroform extraction.

 

23

 

 DNA was
extracted from peripheral-blood mononuclear cells and seminal
cells with use of a standard method.

 

20

 

 The HIV-1 

 

gag

 

 DNA and
RNA sequences were detected with the primer–probe set SK38,
SK39, and SK19.

 

20-22

 

 The 

 

b

 

-globin gene was quantitated in the
DNA from peripheral-blood mononuclear cells and seminal cells
by a PCR assay with PCO3 and PCO4 as the primer pair, as de-
scribed previously,

 

20-22

 

 as a loading control, to confirm that each
sample contained similar quantities of DNA before the initiation
of PCR. The phosphorus-32–labeled Southern blots of these
PCR mixtures were quantitated with a PhosphorImager (Molecu-
lar Dynamics, Sunnyvale, Calif.). The results of Southern blotting
of the patients’ samples were compared with those for extracts of
ACH-2 cells, a T-cell line that contains one integrated HIV-1 ge-
nome per cell for the DNA PCR assay,

 

24

 

 for the quantitation of
proviral DNA and with an HIV-1 

 

gag

 

 RNA construct transcribed
in vitro for the RT-PCR assay

 

22

 

 for the quantitation of RNA vir-
ions. Two healthy men were studied as negative controls to rule
out cross-contamination of the samples.

 

Coculture Assays

 

CD8 T lymphocytes were depleted from the isolated peripher-
al-blood mononuclear cells by binding to magnetic beads conju-
gated with anti-CD8 antibody (Biosource, Camarillo, Calif.).
This process decreases the fraction of CD8 T lymphocytes in the
peripheral-blood mononuclear cells from approximately 20 to 30
percent to 3 to 5 percent, as analyzed by flow cytometry. De-
pletion of CD8 T lymphocytes significantly increases in vitro
outgrowth of HIV-1 from the peripheral-blood mononuclear
cells

 

17-19

 

 because CD8 cells secrete chemokines and other factors
that inhibit the replication of the virus.

 

25

 

 Macrophages and their
precursors were depleted from peripheral-blood mononuclear
cells by incubating the samples overnight to allow these cells to
attach to the plastic plates. The remaining peripheral-blood lym-
phocytes were then stimulated with 5 µg of phytohemagglutinin
per milliliter (Sigma, St. Louis) and 50 U of interleukin-2 per
milliliter (GIBCO-BRL, Grand Island, N.Y.). Peripheral-blood
lymphocytes were isolated from blood samples obtained from
normal subjects with the same procedure. The peripheral-blood
lymphocytes from the patients were then mixed in a 1-to-1 ratio
with those from normal subjects (2 million cells each) and cul-
tured in RPMI-1640 medium with 10 percent fetal-calf serum
and penicillin plus streptomycin at 37°C for six weeks. Twice a
week, half the medium was replaced with fresh medium, and once
a week, half the cells were replaced with 2 million fresh peripher-
al-blood lymphocytes from normal subjects after stimulation with
phytohemagglutinin and interleukin 2 and depletion of CD8
T lymphocytes.

The seminal-cell pellet was washed twice with cold phosphate-
buffered saline, and 3 million cells were mixed with 2 million
peripheral-blood lymphocytes from normal subjects after the de-
pletion of CD8 T lymphocytes and stimulation with phytohe-
magglutinin and interleukin-2. After 24 hours, the cells were
washed three times with phosphate-buffered saline, and the cul-
tures were maintained in the presence of interleukin-2 (10 U per
milliliter) for six weeks. Twice a week, half of the medium was re-
placed with fresh medium, and once a week, the cells were replen-

ished with 2 million fresh, treated peripheral-blood lymphocytes
from normal subjects. HIV-1 p24 antigen was measured in the
supernatants by an enzyme-linked immunosorbent assay (ELISA)
(Dupont, Wilmington, Del.). All procedures were performed un-
der level P3 biosafety conditions to minimize the possibility of
cross-contamination.

 

DNA-Sequence Analyses

 

The sequences of the V3 loop of the gp120 region of the viral
envelope (

 

env

 

), protease, and 

 

RT

 

 genes of HIV-1 were determined
by a nested PCR assay of both proviral DNA (directly from pe-
ripheral-blood and seminal-cell samples) and virion-encapsidated
RNA (from replicating virus in the coculture). The viral RNA
was reverse-transcribed with an antisense external primer, and the
complementary DNA (cDNA) was amplified with the PCR. A
second PCR was performed with a primer pair internal to the
primer pair used in the first PCR, and the amplified DNA was
isolated from agarose gels and analyzed by sequencing with an
automated sequencer (Prism model 377, with XL upgrade, Per-
kin–Elmer Applied Biosystems, Foster City, Calif.). If there were
variations in the sequences, the PCR fragments were cloned into
the pGEM-T vector (Promega, Madison, Wis.). Multiple clones
were selected from DNA of seminal cells and peripheral-blood
mononuclear cells as well as from cDNA from replicating viral
RNA, and the sequences were analyzed. The outer primer pair
for the V3 loop of the gp120 region of the viral envelope was
KK30 and KK40, and the inner primer pair was KK10 and KK20,
as described previously.

 

26

 

 (The sequences have been deposited in
the GenBank data base under accession numbers AF098718
through AF098734.)

 

Determinations of Viral Phenotype

 

To determine the viral phenotypes, viral isolates from the co-
cultures were cultured on MT-2 T lymphocytes and human mac-
rophages (containing 250 pg of HIV-1 p24 antigen equivalents
per milliliter). The macrophages were isolated from peripheral-
blood mononuclear cells from normal subjects, as described pre-
viously.

 

22

 

 Viral growth in the MT-2 cells was determined on the
basis of the formation of syncytium and the production of p24
antigen in culture. The growth of HIV-1 in macrophages was de-
termined on the basis of the detection of p24 antigen in the cul-
ture supernatants by ELISA (Dupont).

 

RESULTS

 

Detection of Cell-Associated HIV-1 Proviral DNA

 

The characteristics of the seven men are shown in
Table 1. The levels of HIV-1 RNA in the plasma and
seminal fluid of these men were below 50 copies per
milliliter and thus were much lower than the levels
in men with untreated HIV-1 infections who were
evaluated by the same assay (1500 to 75,000 copies
per milliliter of seminal fluid).

 

22

 

 These results sug-
gest that in our subjects, highly active antiretroviral
therapy inhibited viral replication not only in the
bloodstream but also in the genital tract. However,
cell-associated viral DNA was detected in peripheral-
blood mononuclear cells from all the men (Fig. 1).
The number of copies of HIV-1 

 

gag

 

 DNA ranged
from 5 to 40 per million peripheral-blood mononu-
clear cells.

Cell-associated proviral DNA was also detected in
the seminal cells from four men (Fig. 1 and Table 1).
The number of copies of HIV-1 

 

gag

 

 DNA ranged
from less than 5 to 90 per million seminal cells. The
sequence analyses of the V3-loop region of gp120
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*PBMCs denotes peripheral-blood mononuclear cells.

†The initial protease inhibitor was changed to nelfinavir.

‡The patient was also treated with low-dose interleukin-2.

§Separate samples were obtained at least two months apart and analyzed on two different days. 

¶The patient was also treated with acyclovir.
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mo cells/mm

 

3

 

copies/ml copies/10

 

6

 

 cells

 

1 Zidovudine, lamivudine, indinavir 16 140 <50 <50 8 <5 Negative Negative

2 Stavudine, lamivudine, nelfinavir 5 282 <50 <50 18 8 Negative Negative

3 Zidovudine, lamivudine, indinavir, 
nelfinavir†‡

18 649 <50 <50 7, 15§ <5, <5§ Positive Negative

4 Zidovudine, lamivudine, indinavir 39 100 <50 <50 25, 30§ 90, 20§ Positive Positive

5 Zidovudine, lamivudine, indinavir, 
nelfinavir†

18 840 <50 <50 5 <5 Negative Negative

6 Zidovudine, lamivudine, ritonavir, 
saquinavir

5 882 <50 <50 35 5 Positive Positive

7 Didanosine, stavudine, indinavir¶ 41 1050 <50 <50 40 5 Negative Negative

 

Figure 1.

 

 Detection of Proviral DNA in Seminal Cells and Peripheral-Blood Mononuclear Cells from Seven Men with HIV-1 Infection.
Cellular DNA was extracted from seminal cells and peripheral-blood mononuclear cells (PBMCs), and amplified by the PCR, with

 

gag

 

 SK38 and SK39 as the primer pair. As a means of confirming that each sample contained similar quantities of DNA before PCR,

 

b

 

-globin DNA was also amplified in each sample, with PCO3 and PCO4 as the primer pair.

 

20-22

 

 The HIV-1 DNA standards were pre-
pared from ACH-2 cells (a T-cell line with one integrated HIV-1 genome per cell)

 

24

 

 and amplified by the PCR at the same time as
were the samples from the patients; values are given as the number of copies per million cells. Blood and semen samples from
two healthy men served as negative controls. A second set of samples was obtained from Patients 3 and 4 two to three months
after the first set.

b-Globin gag b-Globin gag

PBMCs, Patient 1
Seminal cells, Patient 1
PBMCs, Patient 2
Seminal cells, Patient 2

PBMCs, Patient 3
Seminal cells, Patient 3
PBMCs, Patient 4
Seminal cells, Patient 4

Normal subject 1
Normal subject 2
5000 copies of HIV-1 DNA
500 copies of HIV-1 DNA
50 copies of HIV-1 DNA
5 copies of HIV-1 DNA
0 copies of HIV-1 DNA

PBMCs, Patient 5
Seminal cells, Patient 5
PBMCs, Patient 6
Seminal cells, Patient 6
PBMCs, Patient 7
Seminal cells, Patient 7
PBMCs, Patient 3
Seminal cells, Patient 3
PBMCs, Patient 4
Seminal cells, Patient 4
Normal subject 1
Normal subject 2
5000 copies of HIV-1 DNA
500 copies of HIV-1 DNA
50 copies of HIV-1 DNA
5 copies of HIV-1 DNA
0 copies of HIV-1 DNA
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indicated that the proviral DNA was not the result
of contamination with common laboratory strains,
as analyzed by a search of the GenBank data base
(Table 2) (and data not shown). In two men (Pa-
tients 3 and 4), the levels of proviral DNA in semi-
nal cells and peripheral-blood mononuclear cells
were examined again two to three months after the
first analysis. There was a small decrease in the level
of proviral DNA in seminal cells in Patient 4. Patient
3 had no detectable proviral DNA in seminal cells
on either occasion.

 

Recovery of Replication-Competent HIV-1

 

Replication-competent HIV-1 was recovered from
peripheral-blood lymphocytes from three men and
seminal cells from two of the three (Table 1 and Fig.
2). In Patient 4, replication-competent HIV-1 was
recovered from both peripheral-blood lymphocytes
and seminal cells on two occasions. The analyses of

the sequences in the V3 loop of the gp120 region
of the viral envelope with the use of the GenBank
data base indicated that these viruses were primary
isolates and not laboratory strains causing contami-
nation (Table 2) (and data not shown). The viral se-
quences differed among these three men, thus dem-
onstrating that there was no cross-contamination of
the samples. When CD8 T lymphocytes were not
depleted from the peripheral-blood cells used in the
cocultures, we could not isolate viruses from either
peripheral-blood lymphocytes or seminal cells from
any of the men (data not shown).

 

Genotypic and Phenotypic Characterization 
of Replication-Competent HIV-1

 

To investigate whether the replication-competent
viruses recovered from seminal cells could be sexu-
ally transmitted, the sequences in the V3-loop re-
gion and the phenotype of the viruses were exam-

 

*PBMCs denotes peripheral-blood mononuclear cells. The DNA numbers denote the proviral sequences obtained.

†A charge of 4 or less indicates a macrophage-tropic virus, and a charge of 5 or more usually indicates a T-cell-line–tropic virus.

‡Viral isolates were cultured on human macrophages and MT-2 lymphocytes.

§NL4-3 is a T-cell-line–tropic laboratory strain of HIV-1 that uses CXC chemokine receptor 4, and Bal is a macrophage-tropic laboratory
strain of HIV-1 that uses CC chemokine receptor 5.
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ined (Table 2). According to the net amino acid
charges in the V3 loop (a charge of +4 or less indi-
cates a macrophage-tropic virus, and a charge of +5
or more usually indicates a T-cell-line–tropic virus)
and the growth patterns in cell culture,27,28 the virus
isolated from the seminal cells of Patient 6 was a typ-
ical macrophage-tropic strain, whereas the virus iso-
lated from the seminal cells of Patient 4 had dual
tropism. Most HIV-1 strains transmitted sexually are
macrophage-tropic or have dual tropism11,29,30; there-
fore, the replication-competent viruses isolated from
the seminal cells of these men are potentially capable
of initiating a primary infection in a sexual partner,
even though these men were receiving highly active
antiretroviral therapy and had undetectable levels of
viral RNA in plasma.

The differences in the sequences of the V3-loop
region between the viruses recovered from periph-
eral-blood lymphocytes and those recovered from
seminal cells from Patients 4 and 6 suggest that at
least some viral replication is compartmentalized with-
in the male genital tract and the peripheral blood, as
described previously.11 The sequences also indicate
that the recoverable, replication-competent viruses
from seminal cells and peripheral-blood lymphocytes
are probably derived from the proviral DNA in these
cells (Table 2). In Patient 6, the replication-compe-

tent virus from seminal cells and the DNA of a
provirus from seminal cells had the same V3-loop
sequence, whereas in Patient 4, the sequences dif-
fered slightly. In Patient 6, however, the V3 sequence
of replication-competent virus from the peripheral-
blood lymphocytes differed substantially from that
of the proviral DNA from peripheral-blood mono-
nuclear cells.

Strains of HIV-1 that are resistant to RT inhibi-
tors as well as protease inhibitors can be transmitted
sexually.31 To determine the drug sensitivity of the
replication-competent HIV-1 and proviral DNA iso-
lated from seminal cells and peripheral-blood mono-
nuclear cells of our patients, we sequenced the RT
and protease regions.32 We found a single mutation
coding for drug resistance in the protease gene (iso-
leucine was substituted for leucine at position 10) of
the proviral DNA from peripheral-blood mononu-
clear cells from Patient 4. No drug-resistance muta-
tions were detected in either the replication-compe-
tent virus recovered from the seminal cells or the
seminal-cell–associated proviral DNA from Patient
4 or Patient 6. Similarly, no drug-resistance muta-
tions were detected in seminal-cell–associated provi-
ral DNA from Patients 2 and 7. Finally, as previously
reported,18 no other drug-resistance mutations were
detected in the proviral DNA from peripheral-blood
mononuclear cells from Patient 2, Patient 6, or Pa-
tient 7 (data not shown).

DISCUSSION

We isolated replication-competent virus from the
seminal cells of HIV-1–infected men who were re-
ceiving highly active antiretroviral therapy and who
had no detectable levels of viral RNA in plasma. This
finding suggests that the genital tract can be a res-
ervoir for HIV-1 replication in men. This phenom-
enon could be due to a very slow turnover of some
cells harboring proviral DNA. Theoretically, if no
drug-resistant mutants developed during highly ac-
tive antiretroviral therapy, there would be no rein-
fection of cells in microenvironments in which there
were inhibitory concentrations of the drugs. How-
ever, the blood–testes barrier may prevent antiviral
drugs from entering testicular tissue in high concen-
trations, therefore creating a viral sanctuary. Other
sites of tissue–blood endothelial barriers, including
the brain and the retina,33,34 have also been shown
to harbor HIV-1–infected cells. Although levels of
HIV-1 RNA were below the level of detection in the
seminal fluid of the men in the present study, there
could still be covert viral replication in the genital
tract, as may occur in lymphoid tissue.19 

We did not identify the types of cells in the genital
tract that contained replication-competent HIV-1.
In untreated HIV-1–infected men, the virus is found
in macrophages and CD4 T lymphocytes in the
semen18; germ cells such as spermatogonia and their

Figure 2. Growth Kinetics of Replication-Competent HIV-1 from
Seminal Cells.
Approximately 3 million fresh seminal cells from HIV-1–infect-
ed men were incubated for 24 hours with 2 million peripheral-
blood lymphocytes from normal subjects after the depletion of
CD8 T lymphocytes and stimulation with phytohemagglutinin
and interleukin-2. The cell mixtures were then washed and cul-
tured in the presence of interleukin-2 (10 U per milliliter) for six
weeks. Every week, half the cells were replaced with 2 million
treated peripheral-blood lymphocytes from normal subjects,
and the supernatants were analyzed for HIV-1 p24 antigen by
ELISA. Two samples from each culture were analyzed.
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progeny may also contain provirus, although the se-
quences in germ cells may be defective or incom-
plete.6,7,35 Germ cells do not have CD4 molecules on
their surfaces,36 and therefore, HIV-1 should not be
able to enter them, unless there is a CD4-independ-
ent mechanism of entry.

Reinfection of peripheral-blood mononuclear cells
and seminal cells should not occur in patients who
are receiving highly active antiretroviral therapy and
who have undetectable levels of HIV-1 RNA in plas-
ma and seminal fluid. Resting CD4 T lymphocytes
from local lymphoid tissue, which may have a rela-
tively long life,37 could be reservoirs for the virus.
The sequences of HIV-1 isolated from the seminal
cells differed from those obtained from peripheral-
blood lymphocytes in some men; therefore, some of
the infected seminal cells may not have come di-
rectly from the peripheral blood. These T lympho-
cytes or macrophages could have been infected by
blood-borne viruses before therapy was initiated,
but they would have had to survive for very long
periods. In preliminary studies of seminal cells sepa-
rated by magnetic beads conjugated with anti–CD3
antibody, proviral DNA was detected in both the
T-lymphocyte–replete (CD3 antigen–positive) and
T-lymphocyte–depleted cellular fractions (data not
shown).

Seminal cells harboring proviral DNA could be
vehicles for the sexual transmission of HIV-1. These
infected seminal cells could come in direct contact
with the target cells (i.e., CD4 T lymphocytes, mac-
rophages, and dendritic cells) in the mucosa of the
sexual partners, resulting in the transmission of the
virus. The virions produced from seminal cells after
transfer from a man who is receiving highly active
antiretroviral therapy to a sexual partner should be
infectious because the concentrations of antiviral
drugs in the semen would be diluted to low levels.
Our genotypic and phenotypic analyses indicate that
the replication-competent viruses recovered from the
seminal cells of our study subjects are macrophage-
tropic or have dual tropism, suggesting that they
have the potential to initiate and establish a primary
infection in the sexual partners of these men.10,29,30

Our studies also demonstrate that replication-com-
petent viruses from the seminal cells remain sensitive
to antiretroviral drugs. This finding further suggests
that proviral DNA in seminal cells, from which these
viruses were most likely derived, may represent ar-
chival or fossil viral sequences derived by replication
soon after primary infection.

In summary, replication-competent viruses can be
recovered from seminal cells of HIV-1–infected men
who are receiving highly active antiretroviral therapy
and who have undetectable levels of viral RNA in
plasma, suggesting that sexual transmission of HIV-1
is possible despite the use of seemingly effective
therapy.
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