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ABSTRACT

Unprotected sexual intercourse with HIV-infected men is the major cause of new infections. HIV virions are released into semen
by various cells of the male genital tract, as well as by infected monocytes and lymphocytes present in semen. Some of these viri-
ons may attach to the surfaces of cells, infected or uninfected. We investigated whether cells carrying attached HIV on their sur-
faces can transmit infection. We addressed this question in a model system of human tissue exposed ex vivo to monocytes and
lymphocytes carrying HIV on their surfaces. We gamma irradiated the cells to prevent their productive infection. In spite of
comparable amounts of HIV attached to monocytes and lymphocytes, only monocytes were capable of transmitting infection
and triggering productive infection in tissue. This HIV-1 transmission was mediated by cell-cell contacts. Our experiments sug-
gest that in vivo, HIV attached to infected or uninfected monocytes, which far outnumber lymphocytes in HIV-infected semen,
may contribute to sexual transmission of HIV from men to their partners.

IMPORTANCE

The vast majority of new HIV infections occur through sexual transmission, in which HIV is transferred from the semen of an
infected male to an uninfected partner. In semen, HIV-1 particles may exist as free-floating virions; inside infected cells; or at-
tached to the surfaces of cells, whether they are infected or not. Here, we investigated whether HIV attached to the surfaces of
monocytes or lymphocytes could transmit infection to human tissue. Incubation of human tissue with monocyte-attached HIV
resulted in productive tissue infection. In contrast, there was no infection of tissues when they were incubated with lymphocyte-
attached HIV-1. Our results highlight the important role that seminal monocytes may play in HIV transmission in vivo, espe-
cially since monocytes far outnumber lymphocytes in the semen of HIV-infected individuals.

Transmission of human immunodeficiency virus (HIV) occurs
mainly through unprotected sexual intercourse, in which sem-

inal HIV is deposited on rectal or vaginal mucosa (1–3). The prob-
ability of HIV transmission positively correlates with the viral load
in semen and varies from 1/200 to 1/2,000 for male-to-female
transmission and from 1/10 to 1/1,600 for male-to-male transmis-
sion (4). In semen, HIV exists in different forms: (i) free-floating
viral particles, (ii) viruses in infected cells (in particular mono-
cytes and lymphocytes [5–8]), and (iii) viral particles that after
being released by infected cells reattached to the surfaces of cells,
infected or uninfected.

Earlier, it was shown that both cell-free HIV and infected cells
are capable of transmitting infection in ex vivo models and in
nonhuman primates (9, 10), although the relative contributions
of these two pools to HIV transmission remain a matter of debate
(reviewed in references 6 and 11). In particular, whether virus
attached to the surfaces of seminal cells of HIV-infected individ-
uals can transfer HIV infection is not clear. Since many of the
seminal cells express various HIV receptors or express a wide va-
riety of surface molecules involved in HIV attachment (2, 12, 13),
there are reasons to consider these cells vehicles for HIV sexual
transmission from an infected male to his uninfected partner, as
has been suggested with regard to spermatozoa (14).

Here, we address this question by comparing tissue infections
ex vivo with cell-free HIV and with cell-attached HIV. In particu-
lar, we investigated whether HIV adsorbed at the surfaces of lym-
phocytes or monocytes, two major types of cells present in the
semen of infected individuals, can transmit infection to human
tissue ex vivo. We found that in this model, only HIV attached to

monocytes, but not that attached to lymphocytes, was able to
transmit infection, and the transmitted virus replicated in the re-
cipient tissue similarly to cell-free HIV. Cell-cell contacts between
monocytes and target cells were needed for effective HIV trans-
mission.

MATERIALS AND METHODS
Tonsil culture. Human lymphoid tissues obtained according to an insti-
tutional review board (IRB)-approved protocol were surgically removed
during routine tonsillectomies at Children’s National Medical Center
(Washington, DC). They were received within 5 h of excision and were
dissected into 2- to 3-mm blocks. The tissue blocks were deposited on a
sponge surface at the air-liquid interface and cultured for 15 days with a
change of medium every 3 days, as previously described (15).

HIV-1 replication in HIV-inoculated tissue was measured as the pro-
duction of p24 core antigen released into the medium by means of an
HIV-1 p24 Luminex bead assay (16). At each time point postinfection, the
amount of p24 produced by the tissues was normalized to the amount of
p24 produced in donor-matched tissue infected with cell-free virus. Ex-
periments were repeated n times, each time with tissue from a different
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donor; the value of n is indicated in the text and figure legends. Graphs
were generated and statistical analysis was performed with GraphPad (La
Jolla, CA) Prism v5.

Cells and viral adsorption. Human leukocytes were obtained by leu-
kapheresis from healthy donors, followed by an elutriation procedure to
purify monocytes and lymphocytes (all performed at the Department of
Transfusion Medicine Clinical Center, National Institutes of Health, Be-
thesda, MD, USA). Contaminating erythrocytes were removed from
elutriated cells (purity, �90%, as determined with an automatic blood-
counting machine) by centrifugation (400 � g; 30 min) in a Ficoll gradi-
ent. Both lymphocytes and monocytes were exposed to 25 Gy of gamma
irradiation in a cesium-137 blood irradiator (IBL 437C; CIS Diagnostik).
Cell counting was performed in a hemocytometer, and cell viability was
evaluated by means of trypan blue (0.1%) exclusion. Our population of
lymphocytes was a total population from blood and therefore contained
CD4 and CD8 T lymphocytes, as well as B cells.

Trypsin and heparinases were purchased from Thermo-Fisher Scien-
tific (Rockville, MD) and from Sigma-Aldrich (St. Louis, MO), respec-
tively. Anti-CD4 and anti-DC-SIGN were purchased from Beckman-
Coulter (Brea, CA) and from Abcam (Cambridge, UK), respectively.
Anti-human �4�7 integrin (Act-1) antibody (no. 11718) was obtained
from A. A. Ansari through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH.

Viral infection. Viral attachment to cells was performed similarly on
both elutriated lymphocytes and monocytes. Briefly, 3 million monocytes
or lymphocytes were incubated with 250 �l of R5-tropic HIV-1BaL (which
corresponds to 30 ng of p24) at 4°C to avoid virus internalization, as
previously described (17). After 2 h of incubation, the cells were washed
twice with cold phosphate-buffered saline (PBS) to remove nonattached
viruses. To determine the amounts of attached virus on monocytes and
lymphocytes, cells were pelleted and resuspended in PBS containing 10%
Triton X-100. The HIV-1 p24 content was measured as described above.
In each experiment, 3 �l of cells with HIV adsorbed on their surfaces was
deposited on top of each tonsil tissue block. Since the amounts of virus
attached to the surfaces of monocytes and lymphocytes varied among
patients and because we were limited by the number of cells we could add
to the tissue blocks, we performed tissue infection using 15 to 20 pg of HIV
p24 of cell-associated virus (which corresponds to 4 � 105 to 7 � 105 cells
per block). For each donor, a control experiment was performed with an
amount of cell-free HIV matching the amount of cell-associated HIV used
in the infection experiments.

The TZM-bl cell line, generously donated by John C. Kappes and
Xiaoyun Wu, was obtained through the NIH AIDS Reagent Program (18).
Cells (2 � 104) in 90 �l of complete medium (Dulbecco’s modified Eagle’s
medium [DMEM] supplemented with 10% fetal bovine serum [FBS])
were plated in a 96-well black plate (Sigma-Aldrich, St. Louis, MO) and
placed in the incubator for 6 h. We then added 10 �l (corresponding to 15
pg of p24) of either cell-free or cell-associated HIV-1BaL to each well, and
the plate was kept in the incubator for 3 days. We added 100 �l of 2�
substrate, Bright Glo luciferase buffer (Promega, Madison, WI), to each
well. The luminescence was quantified with a Saphire 2 luminometer
(Tecan, Switzerland) and shown as relative fluorescence units (RFU). A
2-fold dilution curve of cell-free HIVBaL (in 10 �l) ranging from 2.5 to 320
pg of p24 was built for each experiment. Generally, the limit of HIV
detection in the assay was 5 pg of p24 per well. Each condition was tested
in six replicates, and the means of luminescence and standard errors of the
mean (SEM) were plotted in graphs.

In the transwell experiments, 40 �l of TZM-bl cells (2 � 104 cells) was
added to the bottom of a 96-well black plate. Then, 50 �l of lymphocytes
or monocytes with attached virus (15 pg of p24) in direct contact with the
TZM-bl cells or separated by a virus-permeable membrane (5-�m pores
[Corning]) was added. A 2-fold dilution of cell-free HIVBaL was also per-
formed in each transwell assay. After 3 days in culture, the luminescence
was quantified as described above. A dose-response curve was plotted for

each experiment, and we observed a direct correlation (R2 � 0.99) be-
tween the virus concentration and luminescence.

Cytometry. To assess HIV-infected lymphocytes in human tissues ex
vivo, we isolated tonsillar cells by treating them with Liberase DL as pre-
viously described (19) and stained them with a LIVE/DEAD dye (Invitro-
gen) and a combination of the following fluorescence-labeled monoclonal
antibodies: anti-human CD3-Pacific Blue (PB), anti-human CD4-
QD605, anti-human CD8-QD705, anti-human CD45-allophycocyanin
(APC) (Caltag Laboratories, Burlingame, CA), and anti-p24-phycoeryth-
rin (PE) (Beckman Coulter, Brea, CA). Cells were acquired on a BD LSRII
flow cytometer equipped with 355-, 407-, 488-, 532-, and 638-nm laser
lines (BD Biosciences, San Jose, CA).

To assess cellular proteins incorporated into HIV, virions produced by
tonsillar tissue exposed to irradiated monocytes with adsorbed virus or by
purified macrophages were captured with anti-2G12 magnetic nanopar-
ticles (MNPs), as previously described (20). Briefly, 15-nm iron oxide
MNPs (Ocean NanoTech, Springdale, AR) were coupled with 1 mg of
2G12 antibodies (Polymun Scientific, Austria) according to the manufac-
turer’s protocol. To capture viruses, labeled 2G12-MNPs were incubated
with HIV preparations at 37°C for 40 min, and then, complexes with
captured virus (HIV-2G12-MNPs) were stained either with anti-
CD36-PE antibodies (BioLegend, San Diego, CA) or with the isotype con-
trol antibody mouse IgG2a-PE (BioLegend). The resultant complexes
were separated from unbound fluorescent antibodies on a magnetic col-
umn (Miltenyi Biotech, Germany) in a strong magnetic field generated by
an OctoMacs magnet (Miltenyi Biotech) and washed three times with 500
�l of washing buffer (0.5% bovine serum albumin, 2 mM EDTA in PBS).
To elute the captured and stained viruses, the column was removed from
the magnet and demagnetized, and the complexes were eluted in 400 �l of
PBS and fixed with a solution of 1% paraformaldehyde (PFA). The eluted
complexes were analyzed on the LSRII cytometer triggering on fluores-
cence.

RESULTS
HIV-1 attached to monocyte surfaces, but not to lymphocytes,
transmitted infection to human tissue ex vivo. We compared the
abilities of HIV attached to lymphocytes and HIV attached to
monocytes to be transmitted to human lymphoid tissue ex vivo.
We irradiated lymphocytes and monocytes to prevent productive
infection of the cells and incubated them with an HIVBaL suspen-
sion as described in Materials and Methods. After removing the
unattached viral particles by cell centrifugation, we estimated the
amount of virus attached at the cell surface. Trypsin treatment
removed similar fractions of virus from lymphocytes and mono-
cytes (89.1% � 1.7% and 88.1% � 2.5%, respectively; n � 4; P �
0.76), showing that most of the virus was indeed attached at the
surfaces of irradiated lymphocytes or monocytes.

Similar amounts of p24 of cell-attached viruses (as well as cell-
free viruses as a control) were then applied on top of blocks of
human tissue. When the tissues were exposed to free HIVBaL or
HIVBaL attached to monocytes, lymphoid tissues became produc-
tively infected (Fig. 1). The cumulative HIV p24 at day 15 postin-
fection in tissues from different donors varied from 2 to 13 ng/ml
in tissues exposed to cell-free HIVBaL and from 3 to 11 ng/ml in
tissues exposed to monocyte-attached HIVBaL. There was no rep-
lication observed in tissue inoculated with lymphocyte-attached
HIVBaL. The replication in tissue inoculated with monocyte-at-
tached HIV was statistically significantly different from that in
tissue inoculated with lymphocyte-attached HIV (Fig. 1).

In contrast to monocytes, HIVBaL attached at the surfaces of
lymphocytes did not transmit infection (Fig. 1). In early days post-
exposure, tissues exposed to cell-free HIVBaL produced more HIV
than tissues exposed to HIVBaL attached to monocytes, as evalu-

Barreto-de-Souza et al.

9834 jvi.asm.org November 2016 Volume 90 Number 21Journal of Virology

http://jvi.asm.org


ated by measurement of p24 in the culture medium. After 15 days
of infection, however, HIV production levels were similar (Fig. 1).
These results were confirmed with flow-cytometric analysis of the
tissue infection at day 15 postinfection, as the numbers of T lym-
phocytes (CD3	) positive for intracellular p24 were similar in
tissues exposed to cell-free and to monocyte-associated virus (Fig.
2).

Lymphocytes and monocytes attached similar amounts of
HIV-1 on their surfaces. To investigate whether the difference
between the abilities of monocytes and lymphocytes to transmit
HIV infection could be the result of different abilities of these cells
to attach virions, we evaluated the numbers of virions attached to
the cells. As shown in Fig. 3, on average, 51.8 pg of p24 per million
lymphocytes was attached to the surfaces of the cells under our

protocol. The number of virions attached to lymphocytes was not
statistically different from that attached to monocytes: 46.3 pg of
p24 per million monocytes (P � 0.66; n � 7). Thus, lymphocytes
and monocytes bound similar amounts of HIVBaL at their sur-
faces.

To address the nature of virus-cell association, we investigated
the roles of CD4, �4�7, DC-SIGN, and heparan sulfate (HS) in
virus attachment to monocytes and lymphocytes. To achieve this
goal, we preincubated irradiated monocytes and lymphocytes
with blocking antibodies at 10 �g/ml or pretreated the irradiated
cells with a mixture of heparinases I, II, and III (10 U/ml) (14, 21).

Following the treatment with either blocking antibodies or
heparinases, we incubated cells with HIVBaL and compared HIV
binding to treated cells with binding to untreated controls.

FIG 1 HIV-1 production by tissues exposed to either lymphocyte- or monocyte-associated HIV-1. Three million monocytes or lymphocytes were incubated
with 250 �l of R5-tropic HIV-1BaL (corresponding to 30 ng of p24) at 4°C for 2 h. Donor-matched human lymphoid tissues were then exposed to HIV attached
to irradiated lymphocytes or monocytes. Control matched tissues were inoculated with a similar amount of cell-free HIV. The culture medium was changed every
3 days. HIV replication was evaluated from the amount of p24 released into the medium. Shown is HIV replication in tissues inoculated with cell-associated HIV
normalized to those inoculated with cell-free HIV (cell-free HIV was set as 100% at each depicted point). Means � SEM of data obtained from six donors are
presented. The asterisks denote statistical differences in HIV replication in tissues inoculated with monocyte- and lymphocyte-attached HIV (*, P 
 0.05; ***, P 

0.001).

FIG 2 Infection of T cells in human lymphoid tissue exposed to monocyte-attached HIV. Fractions of HIV-infected T cells in tissue exposed to cell-free or to
monocyte-associated virus were determined. Blocks of donor-matched tissue were inoculated with 15 pg p24 of monocyte-associated or cell-free HIV-1. On day
15 postinoculation, cells were isolated from the tissue and stained with a LIVE/DEAD kit for cell viability, as well as for surface CD45 and CD3 and for intracellular
p24. Shown is the tissue analysis of the results of a representative experiment with two different donors.
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On average, anti-CD4, anti-�4�7 integrin, and anti-DC-SIGN
reduced HIVBaL binding to lymphocytes by 1.5% � 1%, 4.3% �
2%, and 1.8% � 0.9% (P � 0.05; n � 6), respectively. Similarly,
anti-CD4 and anti-�4�7 integrin did not reduce HIVBaL binding
to monocytes, and anti-DC-SIGN reduced HIVBaL binding to
monocytes by only 3.4% � 2% (P � 0.05; n � 6). In contrast,
heparinase treatment reduced HIVBaL binding to lymphocytes
and monocytes, respectively, by 63.1% � 10.3% and 72.6% �
8.1% (P � 0.02 and P � 0.01; n � 6).

Thus, irradiated lymphocytes and monocytes attached equal
amounts of virus to their surfaces predominantly through HS
rather than specific HIV receptors.

Viruses attached to monocytes rather than released viruses
transmitted infection. In principle, the virus that monocytes
transmit to tissue may not be the one constantly attached to the
cell surface but rather some virus released during incubation with
the tissue. The source of this virus that essentially became free may
be the pool that detached from the cell surface or may be a poten-
tial residual productive infection persisting in spite of gamma ir-
radiation of monocytes.

To evaluate the first possibility, we determined the numbers of
attached virions that detached and become free during cell incu-
bation with the tissue. We cultured irradiated lymphocytes or
monocytes with attached HIVBaL for 3 days without tissue and
quantified the amounts of virus (measured as p24) released in the
medium in 3 days at 37°C. As shown in Fig. 4A, there was no
statistically significant difference (P � 0.35; n � 6) between the
amounts of p24 released by lymphocytes and monocytes (18% �
5% and 28% � 9%, respectively). Next, we assessed whether this
released virus was infectious for human tissue ex vivo and for
TZM-bl cells. We found no productive infection of tonsils (n � 3)
(data not shown) when lymphoid tissues were incubated with the
amount of HIVBaL released after 3 days in culture, despite the fact
that the viruses were infectious to TZM-bl cells (Fig. 4B). Thus,
virions that spontaneously detached from monocytes were infec-
tious but were not able to transmit tissue infection.

To evaluate whether virions that may be released in the course
of potential productive infection of monocytes can be responsible

for the transmission of infection, we performed the following con-
trol experiments. (i) Instead of R5 HIVBaL, we attached X4
HIVLAI.04, which does not replicate in monocytes (22, 23). We
incubated monocyte-attached X4 HIVLAI.04 with lymphoid tissue
blocks and found that these monocytes transmitted infection to
the tissue, with tissue cells being productively infected (data not
shown). (ii) We evaluated the phenotype of the virus produced by
the tissue exposed to HIVBaL attached to monocytes. Virions pro-
duced by various cells carry some of the cell membrane proteins
(24, 25). In particular, viruses produced by monocytes carry
CD36, a protein expressed by these cells but not by T lymphocytes
(25, 26). Using the technique of flow virometry (20), we found
that HIVBaL produced by the tissues exposed to HIVBaL attached to
the surfaces of monocytes was CD36 negative (Fig. 5).

Cell contact between monocyte-attached HIV and cell tar-
gets was required to efficiently transfer infection to tissues. We
used a transwell system to check whether cell contact was needed
for viral transfer from monocytes to target cells. For this purpose,
HIVBaL attached to lymphocytes or monocytes was cocultured
with TZM-bl cells in a system separated by a virus-permeable
membrane (5-�m pore size). TZM-bl cells became infected from
contact with monocytes carrying HIVBaL but not from contact
with lymphocytes carrying HIVBaL (lymphocytes in contact with
TZM-bl cells, 335 � 3.5 RFU; background noninfected controls,
311 � 10.3 RFU; P � 0.17), similar to what we observed in lym-

FIG 3 Attachment of HIV-1 to the surfaces of lymphocytes and monocytes.
Three million irradiated human lymphocytes or monocytes were exposed to
HIVBaL (250 �l, corresponding to 30 ng of p24) for 2 h at 4°C. Unattached
virus was washed out by cell centrifugation, and the cell pellets were lysed with
10% Triton X-100. The concentrations of HIV p24 in the cell lysates were
evaluated with a specific Luminex bead assay. Shown are the amounts of p24
for both lymphocytes and monocytes for seven donors. Horizontal bars rep-
resent the means.

FIG 4 (A) Infectivity of HIV released from the surfaces of lymphocytes and
monocytes. Three million monocytes or lymphocytes were incubated with 250
�l of R5-tropic HIV-1BaL (corresponding to 30 ng of p24) at 4°C for 2 h.
Irradiated lymphocytes or monocytes with attached HIVBaL on their surfaces
were cultured for 3 days. Shown are the fractions of HIV p24 released by
lymphocytes and by monocytes relative to the amount of initially attached HIV
p24 from six different donors. (B) On day 3, the cells were centrifuged, and the
supernatants were analyzed for HIV p24. The released virus and free virus at
the same concentration (control) were applied to TZM-bl cells. Infection was
revealed in TZM-bl cells by luminescence after substrate interaction with cell-
expressed luciferase. The plotted values are presented as means of lumines-
cence substracted from background (noninfected controls) plus SEM (n � 3).
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phoid tissue. Conversely, impeding contact between transmitters
(monocytes) and target cells (TZM-bl cells) by means of the trans-
well chamber abolished TZM-bl cell infection (Fig. 6). This result
cannot be attributed to an inability of the virus to cross the 5-�m-
pore-size membrane, as cell-free virus added to the upper cham-

ber was able to cross the membrane and infect TZM-bl cells in a
dose-dependent manner (data not shown).

DISCUSSION

Sexual HIV transmission from men to their uninfected partners is
mediated by HIV present in semen, where HIV exists in cell-free
and in cell-associated forms, predominantly in infected lympho-
cytes and monocytes (6). However, it is not entirely clear whether
these cells actually transfer HIV directly to target cells through
cell-cell contacts or whether the transmission occurs through the
free virus released by infected cells. Also, virus released from HIV-
infected cells can attach to uninfected cells, which may serve as
vehicles for HIV transmission.

In the present work, we examined HIV transmission to hu-
man tissue exposed ex vivo either to cell-free HIV suspension or
to HIV attached to the surfaces of monocytes or lymphocytes,
the two major types of immune cells found in semen (6, 27).
We irradiated the cells to prevent the release of HIV, which
would act as cell-free virus in our system. Trypsin treatment of
the cells to which HIV was attached removed over 90% of the
viruses, indicating that virions were attached to proteins on the
cell surface. The majority of virions seemed to attach through
cell surface HS, as cell pretreatment with heparinases pre-
vented HIV adsorption. HSs are glycosaminoglycans found on

FIG 5 Phenotypic analysis of virions produced by human lymphoid tissue exposed to monocyte-attached HIV. Virions produced by human lymphoid tissue
exposed to monocyte-attached HIV were collected on day 15 postinoculation, captured with MNPs coupled with HIV anti-gp120 antibody (2G12), and analyzed
for the presence of CD36 by means of flow virometry. (Bottom) Viruses produced by exposed tissue were stained with fluorescent anti-CD36 antibody (left) or
with isotype control antibody (right). (Top) Virions from purified macrophages were stained with anti-CD36 antibody (left) or with isotype control antibody
(right). Shown are histograms of the results of one of two similar experiments.

FIG 6 Transmission of monocyte-attached HIV through cell-cell contacts.
Irradiated monocytes with 15 pg of HIVBaL p24 attached to their surfaces were
cultured with TZM-bl cells either in direct contact or in different chambers
separated by a virus-permeable membrane (transwell system). Infection was
evaluated as luminescence, as described in the legend to Fig. 4. Shown are
means and SEM of six replicates.
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cell surfaces that have been identified as a major source of HIV
binding in epithelial cells (21), spermatozoa (14), and leuko-
cytes, including monocytes and lymphocytes (28–30; reviewed
in references 31 and 32).

In most of our experiments, we used HIVBaL, a prototypical
HIV of CCR5 phenotype that is predominantly transmitted
through sexual intercourse (33). Importantly, the amount of virus
in the inoculum used in our experiments (15 to 20 pg) corre-
sponds to the amount of HIV found in the semen of some HIV-
infected men (considering that 1 pg of HIV p24 is equivalent to
12,500 copies of HIV RNA) (34–36). Moreover, we used human
lymphoid tissue rather than single-cell cultures to assess the ability
of cell-attached HIV to transmit and establish infection. These ex
vivo tissues preserve their in vivo cytoarchitecture and do not re-
quire artificial activation/stimulation to become productively in-
fected (15), thus simulating in vivo transmission more adequately.

First, we showed that HIV attached to proteins on the cell
membranes of both primary human lymphocytes and monocytes.
However, upon incubation with lymphoid tissue ex vivo, only HIV
attached to monocytes, but not that attached to lymphocytes,
readily induced productive infection in the recipient tissues.
Transmission of monocyte-attached HIV in donor-matched ex
vivo tissues seemed to be less efficient than that of control free
virus in the first days, as evaluated from virus replication in the
recipient tissue. However, the levels of replication became similar
after 15 days of culture.

In the next series of experiments, we attempted to explain the
dramatic difference between the abilities of lymphocytes and
monocytes to transmit infection to lymphoid tissue. First, we ex-
cluded some of the trivial reasons that might explain this differ-
ence. We showed that (i) the numbers of virions attached to
monocytes and to lymphocytes were similar; (ii) the numbers of
virions that might spontaneously detach from monocytes and
lymphocytes over the 3 days of incubation were also comparable;
and (iii) in any event, the numbers of detached virions were not
sufficient to infect tissue. Thus, the differential transmission abil-
ities of the two cell types were not the result of different amounts
of attached or detached virus.

Although we irradiated monocytes to prevent them from pro-
ducing virus after differentiation into macrophages, we neverthe-
less confirmed that HIV detected in tissue culture came from the
tissue cells rather than being produced by monocytes/macro-
phages. We demonstrated that (i) virions collected from infected
tissue did not carry CD36, a marker of macrophage-produced
HIV (25, 26), and (ii) when HIVLAI.04, a CXCR4-tropic HIV strain
not able to replicate in monocytes/macrophages, was attached to
monocytes, HIV infection was nonetheless transferred to human
tissues ex vivo and virus replicated similarly to what was observed
with CCR5-tropic HIVBaL.

Finally, we investigated whether cell-cell contacts between
monocytes and recipient tissue cells were needed to effectively
transmit cell surface-attached HIV. To achieve this goal, we com-
pared the transmission of lymphocyte- and monocyte-attached
HIV to TZM-bl cells directly or through a 5-�m transwell mem-
brane, which was permeable to HIV but not to cells. We found that
lymphocyte-attached HIV was not transmitted to TZM-bl cells
regardless of whether lymphocytes and TZM-bl cells were in direct
contact or separated by the membrane. However, TZM-bl cells
became infected only when they were in direct contact with
monocyte-attached HIV. When cells were physically separated by

the membrane, no transmission was observed. Thus, cell-cell con-
tacts are required for HIV-attached monocytes to be transmitted.

How can our results be extrapolated to in vivo conditions? Our
ex vivo experiments suggest that cells do not have to be produc-
tively infected to contribute to HIV infection, and therefore, in
vivo, HIV attached to infected or uninfected cells may contribute
to HIV spread. Different cells may differ in this capability, as we
found that monocytes, but not lymphocytes, were able to effi-
ciently transfer infection to lymphoid tissues in our experimental
model. Similar findings were reported for granulocytes. In a recent
study, Jiang et al. showed that only viruses harbored on the sur-
faces of basophils, but not eosinophils or neutrophils, were trans-
ferred to T cells (37). Monocytes and basophils are not the only
cell types that capture HIV at their surfaces and transfer it to target
cells, as it was shown that both human genital epithelial cells and
spermatozoa capture HIV-1 through HS and efficiently transmit
the virus (14, 21). Whether HIV is transmitted to dendritic cells
(DCs) or T cells (14, 21) or to TZM-bl cells, as in our study,
cell-cell contact is required for an efficient transfer of HIV from
donor to target cells.

Here, we were not able to determine why lymphocytes did not
transmit HIV infection. One of the possible explanations why, in
contrast to monocytes, lymphocytes did not transmit HIV infec-
tion may be related to the ability of monocytes to establish close
contact with target cells through lamellipodia, increasing the
probability of transmission of surface-attached HIV (38, 39). In
particular, Groot et al. showed that HIV-infected macrophages
can transiently interact with noninfected CD4	 T cells and effi-
ciently transfer virus after being cocultured for as little as 1 h (38).
On the basis of the numbers of macrophages and T cells interact-
ing with each other over time, it was estimated that each produc-
tively infected macrophage is able to infect at least one T cell every
6 h (38). In contrast to monocytes, lymphocytes are less able to
establish adhesion contact (40, 41), suggesting that they are less
likely to transmit HIV to recipient cells.

The strategy used in the present work has several advan-
tages: (i) we assessed the efficiency of HIV transmission in the
tissue that permits viral replication, rather than mere transfer
of the virus to the recipient cells; (ii) we focused exclusively on
the role of HIV attached to cells, thus excluding possible trans-
mission by the cell-free virus; and (iii) in contrast to many
published experiments, the amount of virus used for infection
in this study was close to the physiological amount of HIV in
semen. On the other hand, our work has significant limitations.
(i) We were limited to the use of lymphoid rather than cervi-
covaginal tissue, which would be even more relevant to trans-
mission, because the latter has considerably fewer target cells
for HIV infection (one of the possible reasons for the relatively
low rate of HIV transmission in vivo) and therefore requires a
much higher inoculum. (ii) We do not know whether virions,
which bud from the infected cells and remain on their surfaces,
behave in the same way as the virus attached to cell surfaces
investigated in our experiments. (iii) Although our results
demonstrated a dramatic difference between the abilities of
monocytes and lymphocytes to transmit infection, this differ-
ence should be confirmed in vivo with simian immunodefi-
ciency virus (SIV) in nonhuman primates.

In conclusion, we compared cell-free and cell-attached viruses
in regard to their abilities to infect lymphoid tissues and showed
that monocyte-attached HIV is a form of cell-associated virus that
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is directly involved in HIV spread. Specifically, the pattern of HIV
transmission described here may be important in vivo, since in the
semen of HIV-infected individuals, monocytes far outnumber
lymphocytes (6).
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