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Summary. We have previously demonstrated that HIV-infected transformed 
T-cells or monocytes adhere to monolayers of CD4-negative epithelial cells. 
Adhesion is soon followed by budding of HIV from infected mononuclear cells 
onto the surface of epithelial cells. Epithelial cells subsequently take up virus and 
become productively infected. Based on these findings, we proposed that sexual 
transmission of HIV may involve cell-mediated infection of intact mucosal 
epithelia of the urogenital tract. However, it has become increasingly clear that 
primary cells and HIV strains isolated from patients are more appropriate 
models for HIV infection than established cell lines and lab strains of virus. In the 
studies described here, we infected cervix-derived epithelial monolayers with 
primary monocytes infected with patient isolates ofnon-syncytial inducing (NSI) 
macrophage-tropic strains of HIV. Under the culture conditions employed, 
HIV-infected primary monocytes do not remain adherent to the apical surface 
of the epithelium, as did HIV-infected transformed cells. Instead, following 
adherence, the primary cells migrate between epithelial cells. Virus is secreted 
from a pseudopod as HIV-infected primary monocytes pass between cells of the 
epithelium. Productive infection of the epithelium was detected by p24 ELISA 
and PCR Southern blot analysis. Infection can be blocked by sera from 
HIV-seropositive individuals or by certain sulfated polysaccharides. These 
findings support the supposition that transmission of HIV may occur via 
cell-mediated infection of intact epithelia. The observations also hint at the 
possibility that HIV-infected monocyte/macrophages in semen or cervical- 
vaginal secretions could cross intact epithelia by passing between epithelial cells. 
Blocking studies suggest that it may be possible to inhibit sexual transmission of 
HIV either by antibodies in genital tract secretions or by a topical formulation 
containing certain sulfated polysaccharides. 

Introduction 
The importance of understanding the mechanisms of sexual transmission of HIV 
is obvious; 90% of all adult HIV infections were obtained through sexual contact 
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[1]. Unfortunately, many of the fundamental aspects of sexual transmission of 
HIV are poorly understood. It is not clear how frequently infection occurs 
through lesions in the genital tract epithelium and how often infection takes 
place via an intact epithelium. Other weaknesses in our understanding are that 
the site(s) of infection (e.g., vagina, cervix, urethra, vulva, foreskin) has not been 
determined, and the target cell types (e.g., stratified squamous epithelium, simple 
columnar epithelium, Langerhans cells, M cells) are not known. In addition, 
there is controversy over whether infection is mediated by cell-free virus or 
HIV-carrying mononuclear cells. If transmission is cell mediated, it is not clear 
whether the cellular vectors are monocyte/macrophages or lymphocytes. In 
addition, it is not apparent whether or not certain strains of HIV are more easily 
transmitted than others. 

We previously developed in an vitro model to study the way in which HIV 
might be transmitted during coitus. To accomplish this, we grew epithelial 
monolayers of cell lines derived from the human cervix and added HIV-infected 
transformed T-cells. HIV-infected T-cells were seen to adhere to the epithelial 
cells. Adherence resulted in the budding of virus from the T-cell onto the surface 
of the epithelium, and within an hour after co-culture, numerous virions were 
observed in the space between the adherent cells [17, 18, 20, 23]. The epithelial 
cells subsequently incorporated HIV proviral DNA and produced new virus 
[23]. Virus production can be demonstrated by ELISA [20, 21] and in the case of 
the ME180 cell line used in the present study, so much virus is produced that HIV 
secretion can be visualized in the electron microscope [22, 23]. Based on these 
observations, this in vitro model may mimic the manner in which virus is sexually 
transmitted in vivo [18, 22, 23]. 

However, our previous in vitro model could be improved. Mononuclear cell 
lines differ in many ways from normal mononuclear cells. In addition, the cellular 
vectors of HIV are likely to be monocyte/macrophages rather than lymphocytes, 
since viruses isolated from patients infected through sexual contact and in the 
acute phase of infection are primarily macrophage tropic [25]. This makes sense, 
theoretically, as monocytes are more abundant than lymphocytes in semen [24], 
and are more long lived than lymphocytes [11]. However, since cell HIV-1 
variants replicate in primary lymphocytes, it is also feasible that macrophage 
tropic variants could be transmitted by T helper cells. Selective pressure may be 
exerted in the mucosal tissue allowing only the macrophage tropic variants to 
replicate. 

Considerable evidence has shown different properties in lab strains as 
compared to patient isolates of HIV. Two of the most significant differences 
are: 1) primary isolates generally do not infect T-cell lines [25] and 2) human 
antisera to laboratory strains of HIV do not block in vitro infection of primary 
isolates [14]. 

We report here on an in vitro system which employs primary activated 
monocytes which were infected with macrophage-tropic virus strains isolated 
from patients. Although HIV-infected, activated primary monocytes readily 
infect cervix-derived cells, the mechanism of interaction between the monocyte 
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and the epi thel ium is different f rom that  be tween  HIV-infec ted  l y m p h o m a  cells 
and  epithelia. This suggests that  a different mechan i sm of infection, than  we had 
p r o p o s e d  previously,  m a y  opera te  during coitus. Blocking exper iments  were also 
performed.  The findings of  these studies are very encouraging as they poin t  to 
strategies which may  be able to inhibit  sexual t ransmission of  HIV.  

Materials and methods 

MEISO cells 

The human cervical epithelial cell line, ME180, was purchased from the American Type 
Culture Collection (Rockville, MD). MOLT-4, HeLa and HT-6C cell lines were obtained 
from the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID 
(ARRRP). All cells were maintained in RPMI-1640 medium with 10% heat-inactivated fetal 
bovine serum. Medium for HT-6C cells was supplemented with 10 gg/ml neomycin (GIBCO, 
Grand Island, NY) 

Preparation of HIV-1 infected monocytes 

Ten ml of semipurified leukocytes from normal, HIV-seronegative donors (obtained from the 
Greater New York Blood Center, NY, NY) were diluted in 30 ml RPMI-1640 over 15 ml of 
Histopaque-1077 solution (Sigma, St Louis, M O) and centrifuged for 30 min at 400 g. The 
mononuclear cell fraction was seeded at 107 cells/ml in RPMI-1640 containing 10% FBS and 
5 gg/ml PHA (GIBCO, NY). After 48 h the PBMC were infected with either primary isolates 
of HIV-1 strain P1 2 or O/S (gifts from Drs. Ruth Connor and David Ho), or monocyte- 
tropic strain AdaM (ARRRP). Seven days later, infected PBMC were mixed t:5 with freshly 
isolated non-infected PBMC. Cells were seeded at 107/ml. After seven days, non-adherent 
cells were removed by washing with PBS. Virus production was monitored 
by p24 ELISA of the medium after 24 h of culture. The cells were used if the p24 production 
was greater than 50ng/106 cells. It was previously determined that the cultures reached 
peak HIV-production at about 7 days post infection. HIV production remained at about 
this level for a few days. For co-culture, monocytes were removed from the plastic at 7 days 
post infection by treatment with 0.02% EDTA in PBS at RT. When cells were no longer 
adherent (usually about 5 rain) they were removed, washed in medium and treated with 
200 gg/ml mitomycin C (Sigma, St Louis, MO) in culture medium for 1 h. The monocytes 
were then washed in culture medium and added to epithelial cultures as described below. 

I mmunoc ytochemistr y 

HIV infected monocytes or PBMCs, isolated as described above, were permeabilized with 
0.2% Tween 20 for 10min, washed and incubated for 1 h at RT with either monoclonal 
antibody to CD68 (Accurate Chemical, Westbury, NY). Non-permeabilized cells were 
stained with monoclonal antibody to CD14 (Sera-lab Sussex, England). After washing in 
PBS, cells were stained with FITC labeled anti-mouse IgG at a dilution of 1:100 (Boehringer 
Mannheim, Indianapolis, IN). 

Mitomycin C treatment 

To determine the concentration of mitomycin C which would kill PHA stimulated HIV- 
infected monocytes, wells were incubated with various concentrations ofmitomycin C for 1 h. 
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Following treatment, activated monocytes were washed and cultured for 24 or 48 h. Viability 
was accessed by the MTT assay [15]. 

Monocyte-mediated i@ction of epithelial cells 

ME180 cells were seeded in six-welt tissue culture plates (Becton Dickinson, Bedford, N J) at 
a density of 2 x 10Scells/well and cultured for 24h at 37°C in 5% CO 2 incubator. 
5 x l0 s HIV-1 infected monocytes (prepared as described above) were added to each well. 
After six hours, the culture was washed six times with culture medium. The medium was 
changed every 24 h for 5 days. On the 6th day the medium was assayed for HIV using a p24 
antigen ELISA kit (Coulter, Hialeah, FL). 

Blocking assays 

The following reagents were employed in blocking studies. Human immunoglobulin was 
prepared from the plasma of healthy HIV seropositive donors (APPPR). This sera was 98 % 
IgG and had high neutralizing ability. Polyclonal rabbit anti-gpl20 antibody was obtained 
from American Bio-Technologies, (Cambridge, MA) and dextran sulfate and heparin from 
Sigma (St Louis, MO). Reagents were added to culture medium and pre-incubated with 
ME180 cells for 30 min before co-culture with HIV-1 infected monocytes. Incubation and 
ELISA assays were performed as described above. 

RT-PCR and southern blot hybridization for CD4 expression 

A single-step method was used to extract total RNA [7]. Reverse transcription of RNA and 
PCR amplification of cDNA was carried out using GeneAmp RNA Kit as described by the 
manufacturer (Perkin-Elmer, Norwalk, CT). One ~tg RNA was mixed with 1 mM dNTP, 
1 U/gl RNase inhibitor, 2.5 U/gl reverse transcriptase, 5 mM MgC12 and 2.5 gM oligo d(T)l 6 
primer, cDNA synthesis was carried out at 42°C for 15min. For amplification, 10gl of 
cDNA was added with the PCR buffer, 2.5 U AmpliTaq DNA polymerase and amplified with 
a pair of primers from human CD4; [3-actin cDNAs were used as the control for 30 cycles 
(Clontech Laboratories, Inc., Palo Alto, CA). Amplified DNA fragments were separated in 
a 2% agarose electrophoresis gel and transferred onto nitrocellulose membranes. The filter 
was hybridized with non-radio-labeled probe pT4B (ARRRP, Bethesda, MD). For the final 
detection and probe labeling, the Genius non-radioactive nucleic acid labeling and detection 
system (Boehringer Mannheim, Indianapolis, IN) was used according to the manufacturer's 
instruction. 

Polymerase chain reaction and Southern blot detection of proviral sequences 

Cells were trypsinized and washed with phosphate buffered saline (PBS). A total of 1 x 106 
cells were lysed with 1% Triton X-100 in 10 mM Tris buffer (pH 8.0). The DNA was extracted 
using an Oncor non-organic DNA extraction kit (Oncor, Gaithesburg, MD). The primers for 
the amplification reaction, SK38/39 (Perkin Elmer Cetus, Norwalk, CT), were derived from 
a highly conserved region of the 136 base-pair fragment within the gag gene. One hundred ~tL 
of reaction mixture contained 10 gl chromosomal DNA (approximately 0.1 gg DNA), 1 gM 
each of primers, 200~tM each of dNTP, 10mM Tris-HC1 pH 8.0, 50mM KC1, 2.5mM 
MgC12, and 2.5 units of Taq polymerase. After incubation at 95 °C for 5 min, 40 cycles of 
denaturation, primer annealing, and chain elongation were performed. After amplification, 
sample DNA was electrophoresed in a 3 % agarose gel and transferred onto nitrocellulose 
membranes (Schleicher & Schuell, NH). Filters were incubated for 1 h at 65 °C in a prehybri- 



HIV-infection of epithelia 1 t81 

dization solution and hybridized to a 32p-labeled, nick-translated HIV full-length probe 
(Oncor, Gaithesburg, MD) by incubation at 65 °C overnight. Filters were washed twice with 
2 x SSC, 0.1% SDS solution for 15rain at 55°C, then once with 0.5 x SSC, 0.1% SDS for 
15 min at 65 °C and exposed overnight to Kodak X-Omat-AR film at -70  °C. 

Electron microscopy 

For electron microscopy ME180 cells were seeded in 24-well tissue culture plates (Becton 
Dickinson, Bedford, NJ) at a density of 4 x 105 cells/well and cultured for 24 h at 37 °C in 
a 5% CO 2 incubator. 105 HIV-1 infected mitomycin C treated monocytes, were co-incubated 
with the epithelial cells for 1 to 3 h. Cells were fixed and processed as previously described 
[233. Thin sections were cut parallel to the monolayer. 

Results 

CD4 m R N A  expression in ME180 cells 

We have previously shown that ME180 cells are similar in appearance to cervical 
and vaginal epithelial cells in vivo F23]. Immunocytochemical  and Western blot 
analysis were carried out to determine whether ME180 cells expressed CD4. 
Although these data suggested that ME180 cells do not express CD4, the 
sensitivity of both techniques is limited. Thus, low level expression could not be 
ruled out [23]. We present here RT-PCR and Southern blot analysis of mRNA 
from ME180 cells. MOLT-4 transformed T-cells and HT-6C cells (CD4 trans- 
fected HeLa cells) were used as positive controls. Hela cells, and I407 cells 
(CD4-negative epithelial cells) were used as negative controls. Our  results 
indicated that the ME180 cell line does not express CD4 mRNA (Fig. la, b). 

I mmuno c yt oc hemistr y 

The purity of the HIV-infected monocyte preparation was determined by 
examination by phase microscopy and immunocytochemistry.  Monocytes can 
be distinguished from the PBMCs because they are larger. The monocyte 
preparation consisted of more than 95% of the larger cells (Fig. 2). To confirm 
that these were monocytes we stained all cells (monocytes and PBMCs) with 
monoclonal  antibodies to CD68 and CD14. Monocytes stained but the smaller 
cells in the PBMC fraction did not (Fig. 2). 

Ultrastructure o f  monocyte-epitheIiat and interactions 

We have previously shown that HIV-infected transformed T-cells and mono- 
cytes adhere to a variety of different types of epithelial cell lines. Adherence 
triggered a rapid shedding of virus onto the epithelium [20-23]. Primary 
activated and HIV-infected monocytes interact with ME180 cells in a different 
way. Only rarely were primary monocytes observed on the surface of the 
epithelium. Instead, an hour after they were added to confluent monolayers, 
HIV-infected monocytes were seen between epithelial cells (Fig. 3a-d). Primary 
HIV-infected monocytes extended a single pseudopod from which HIV virions 
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Fig. 1. a Agarose gel electrophoresis of PCR products from different cell lines. 1 HeLa, 
2 HT-6C (CD4-transfected HeLa), 3 ME180, 4 MOLT4, 5 I407, 6 MW markers, b Blot of the 
gel in la shows the hybridization of probe pT4B with PCR amplification. HT-6C and 
MOLT4 cells, known to express CD4, are positive. The other cell lines do not express 

detectable levels of CD4 

were seen to be budding (Figs. 3b, d). We have seen dozens of pr imary monocytes  
between epithelial cells shedding virus from what  appeared to be a pseudopod.  

Mitomycin C treatment 

Mitomycin  C had a dose dependent  effect on killing activated HIV-infected 
monocytes.  When  a dose of 200 ~tg was employed,  no  viable cells could be 
detected with the M T T  assay at 48 h (Fig. 4). This is the dose that  we used in the 
studies described here. We examined cultures each day for 5 days. No  viable cells 
were seen at this dose. Similar observations have been obtained by other  
laboratories [2, 121. Since the assay was performed on the 5th day, we are 
confident that  mononuc lea r  cells were no longer present. 

Polymerase chain reaction and Southern blot detection of proviral sequences 

Polymerase chain reaction and Southern blot  analysis was carried out  to confirm 
that  ME180 cells which had been co-cultured with HIV-lba~ infected monocytes  
were productively infected. We subcultured these cultures for three passages 
following the week after coculture. Among  the controls we used were HeLa  cells 
or CD4 transfected HeLa cells which had been co-incubated with HIV-infected 
monocytes.  An HIV infected T-cell line (ACH2) was used as a positive control. 
The (131 MW) P C R  products  were observed only in the ME180 cells which had 
been co-cultured with the HIV-lba ~ infected monocytes  and the HIV-infected 
T-cell lines (Fig. 5). 
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Fig. 2. Phase contrast and corre- 
sponding immunofluorescence 
photomicrographs of cells 
stained with CD68. a, a' Mono- 
cytes, b, b' PBMCs, c, e' mixture 
of monocytes and PBMCs. 
Monocytes are large and CD68 
positive. Most PBMCs are 
smaller and CD68 negative 

Injection assay 

One week after initial co-culture, the level of HIV produc t ion  by infected ME180 
cells was assayed by a p24 ELISA of the med ium in which the epithelial cells had 
been cultured for the previous 24 h. The level varied between 150 and 200 pg/ml 
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Fig. 3a-d. Transmission electron micrographs of sections cut parallel to the base of the 
ME180 epithelium (b and d are enlargements of a region of a and e, respectively). Cells were 
fixed lh after the addition of HIV-infected monocytes strain Pl-2. Monocytes (indicated by 
arrows) are observed between (darker staining) epithelial cells. Budding viruses and mature 
virions (V) are seen exclusively on a single pseudopod of the monocyte on the right side of 

Figs. l aand  lc. a, c x 7000, b, d x 64000 

of p24 per 2 × 106 cells, p24 produc t ion  reached peak levels at 5 to 7 days after 
the addi t ion  of the virus. 

Blocking studies 

HIV-infected monocy tes  appeared  to migrate  between epithelial cells and secrete 
virus directly onto  the surface of the epithelial cells. We reasoned that  since virus 
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Fig. 4. Effect of various concentrations of 
mitomycin C on viability of HIV-infected acti- 
vated monocytes as measured by the MTT assay. 
At 200 gg, the dose employed in this study, no 
viable cells were detected at 48h; 24h (solid 
bars), 48h (hatched bars), Background fluo- 
rescence (B) 

Fig. 5. a Agarose gel of PCR products, b corresponding Southern blot. 1 100bp molecular 
weight standards. 2 ME180 cells. 3 HeLa cells. 4 HeLa-CD4 cells. 5 HeLa cells that have been 
cocultured with HIV-Ib~ 1 infected monocytes. 6 HeLa cells that have been cocultured with 
supernate from HIV-lba I infected monocytes. 7 ME180 cells that had been cocultured with 
HIV-lb, 1 infected monocytes and subcultured for 2 passages. 8 ME180 cells that had been 
cocultured with HIV-lb~ ~ infected monocytes and subcultured for 3 passages. 9 HeLa-CD4 
cells that had been cocultured with UIVba 1 infected monocytes. 10 ME180 cells that had been 
cocultured with supernate from HIV-1MN infected 89 cells. 11 103 ACH2 cells. 12 10 a ACH2 

cells 

is secreted into the space be tween  the target  cell and the monocyte ,  there might  
no t  be sufficient t ime or  access for an t ibody  to b lock  infection even if it were 
present. However ,  this is no t  the case. Pa t ien t  serum was highly effective in 
b locking infection (Fig. 6). Rabb i t  polyclonal  an t ibody  to g p l 2 0  did not  inhibit  
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Fig. 6. Twenty-four hour accumulation of virus, 
strain Pl-2, in medium, as measured by p24 
ELISA. Solid and hatched bars represent two 
preparations of pooled patient antisera. These 
antisera are highly effective in blocking infection. 
Rabbit polyclonal antisera to HIV/IIIB (bars 
with parallel lines) does not block infection by 
these clinical isolates. Control human sera (bars 
with dots) did not block infection. Error bars 
represent standard deviation between three wells 
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Fig. 7. Dextran sulfate (solid bar) and heparin 
(hatched bar) block transmission of HIV, strain 
P1-2, at low concentrations. Dextran sulfate is 
more effective that heparin 

infection, but this is not surprising as the antibody is directed towards gpl20 of 
the lab strain HIV-IIIB (Fig. 6). 

A number  of investigators have presented evidence that several sulfated 
polysaccharides inhibit infection of T-celts by laboratory strains of HIV at 
concentrations of less than one to a few ~tg/ml [3 6, 10, 13]. We have previously 
reported that some sulfated polysaccharides significantly inhibit T-celt mediated 
infection of BeWo (trophoblast derived) [20] and ME180 cell lines (21) in doses 
of less than 1 gg/ml. Dextran sulfate and heparin are also effective in ~tg/ml 
concentrations in the in vitro model described here (Fig. 7). This is clearly 
a specific effect on infection as the cytotoxic dose ofdextran sulfate and heparin is 
1000 times this dose [17]. 
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Discussion 

In this paper, we have presented evidence that epithelia derived from the human 
cervix can be productively infected by coculture with primary mononuclear cells 
that have been infected with primary isolates of HIV. We had previously 
presented evidence that the ME 180 cell line can be infected by cell-cell contact 
[21, 23]. There can be little doubt that the virus that was measured by p24 ELISA 
a week after the donor HIV-infected monocytes were added was secreted by the 
ME180 cells, since no monocytes were viable two days after mitomycin C treat- 
ment. Blocking studies provided support for this as the blocking agent was added 
for a relatively brief period of time a week before virus was measured in the 
medium. We are confident that residual virus was not measured, as cultures were 
washed repeatedly after monocytes were removed and each day for 6 days before 
medium was collected for ELISA. To further confirm that ME180 cells were 
productively infected, we subcultured them for three passages and used PCR and 
Southern blot analysis to detect the proviral DNA in the cells. 

ME180 cells appear very similar to epithelial cells of the ectocervix and 
vagina. As these epithelia are stratified, cells on the surface of the epithelium are 
not in contact with the basement membrane. Infection could theoretically occur 
either by emigration of mononuclear cells through the epithelium or by progres- 
sive infection of underlying epithelial cells by virions produced by the epithelial 
cell above it. 

One of the isolates employed, P1-2 [9], may be particularly relevant to 
natural transmission, as it was isolated from a patient in the acute phase of 
infection, who was infected during sexual contact [8]. The observation that 
primary monocytes infected with primary isolates of HIV can infect ME 180 cells 
supports the hypothesis that the CD4-negative epithelia at the portal of entry can 
serve as a primary target of HIV-infection. Until now this theory was based on 
studies employing transformed mononuclear cells and lab strains of HIV. 

Co-culture with both HIV-infected transformed mononuclear cells [21, 23] 
and HIV-infected primary monocytes results in productive infection of the 
epithelium. However, the interaction between ME180 cells and HIV-infected 
primary monocytes is different from that previously described between these 
epithelial cells and HIV-infected transformed monocytes or lymphocytes. Rather 
than remaining adherent to the surface of the epithelium, HIV-infected primary 
monocytes progress between epithelial cells while shedding virus from their 
leading pseudopod. These results suggest the possibility that there might be 
conditions under which activated, HIV-infected monocyte/macrophages in se- 
men or female genital tract secretions could emigrate between epithelial cells and 
perhaps even enter the lamina propria. Movement of mononuclear cells between 
epithelial cells occurs under certain conditions in vivo, for example, in the case of 
intraepithelial lymphocytes, white blood cell emigration from capillaries [16], 
and movement of leukocytes into the uterus or vagina [19]. The question of 
whether, under some conditions, HIV-infected monocytes are capable of moving 
out of the vaginal vault into the connective tissue merits further study. 
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The results of  the an t ibody  blocking exper iments  presented here are especial- 
ly encouraging.  If the model  is an accura te  representa t ion  of sexual transmission,  
then an t ibody  present  in genital t ract  secretions m a y  be able to inhibit trans- 
mission of HIV. The observat ion that  a few micrograms  of dext ran  sulfate blocks 
infection is also encouraging  as it suggests that  a topical formula t ion  of a sulfated 
polysacchar ide  m a y  be effective in inhibiting sexual t ransmission of  HIV as we 
had  previously proposed,  based on our  studies of t ransformed T-cells [17, 23]. 
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