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Abstract

Cell to cell communication is essential for the organization/coordination of multicellular systems
and cellular development. Cellular communication is mediated by soluble factors, including
growth factors, neurotransmitters, cytokines/chemokines, gap junctions, and the recently described
tunneling nanotubes (TNT). TNT are long cytoplasmatic bridges that enable long range directed
communication between cells. The proposed function for TNT is the cell-to-cell transfer of large
cellular structures such as vesicles and organelles. We demonstrate that HIV-infection of human
macrophages results in an increased number of TNT, and show HIV particles within these
structures. We propose that HIV “highjacks” TNT communication to spread HIV through an
intercellular route between communicated cells, contributing to the pathogenesis of AIDS.
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1. Introduction

Cell-to-cell communication is essential in all biological processes. Among these systems
that play critical roles in regulating complex processes [1-3] is the recently described
communication system, tunneling nanotubes (TNT). The proposed functions of TNT are the
long range exchange of organelles and vesicles and the coordination of signaling between
TNT connected cells [1].

TNT formation has been observed in immune cells, including B, T and NK cells, neutrophils
and monocytes, as well as in neurons and glial cells (see review by [1]). In vivo, TNT like
formations have been observed in Drosophila, where they are named cytonemes [4,5]. TNT
like structures have been demonstrated between immune cells in lymph nodes (see review
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by [1,2]) and in the dendritic cells (DC) of the gut, where long DC processes, similar to
TNT, cross the epithelial layer into the gut lumen to access bacteria [6,7]. In some
pathological conditions, it has been described that the causative agent, such as viruses,
protease resistant prion protein (PrP-res) or bacteria can be transported along the long TNT
like processes of infected cells, allowing trafficking of these pathogens between TNT
connected cells [2,3,8-15]. After the identification of TNT as a new communication system,
re-analyses of previous studies demonstrated the formation of TNT-like structures in several
cell types after infection with Listeria monocytogenes or mycobacterium bovis, to facilitate
the transfer of bacteria to neighboring cells [11,16,17]. In conjunction with gap junctions,
TNT like structures have been identified in astrocytes treated with H,O, [18], apoptotic
Hela cells [19], microglia activated with PMA and calcium ionophore [20], and microglia/
monocyte/macrophages treated with LPS plus IFN-y [21,22].

In HIV-infection, monocyte/macrophages play a critical role as they can be productively
infected within tissues. This tissue infection is mediated by transmigration of HIV-infected
monocytes from blood into tissues, including the brain, and is an early and key mechanism
to maintain viral reservoirs within the brain [23-25]. The presence of HIV-infected
monocytes/macrophages in the brain results in activation and infection of brain
macrophages/microglia, and astrocytes enhancing inflammation and often resulting in
cognitive impairment and dementia [23-26]. This mechanism of tissue inflammation and
expansion of infection underscores the importance of macrophages in the pathology of HIV.
Thus, we examined mechanism of infection of this cell type.

In this report, we demonstrate that HIV-infection of primary human macrophages induces
the formation of TNT, both short and long range, and that the formation of TNT correlates
with the time course of viral replication. We also show HIV particles within TNT structures.
We propose that the increased numbers of TNT induced by HIV-infection allows HIV
particles to spread between connected cells intercellularly, as an additional mechanism of
viral infection in concert with the classically described extracellular receptor-mediated
component.

2. Materials and methods

2.1. Materials

RPMI, fetal bovine serum (FBS), penicillin/streptomycin (P/S), and trypsin-EDTA were
from GibcoBRL (Grand Island, NY). FITC antimouse 1gG antibodies were from Sigma (St.
Louis, MO). Phalloidin-conjugate to Texas red and antifade with DAPI were obtained from
Molecular Probes (Eugene, OR). HIV-p24 antibody was from the NIH repository (NIH,
Germantown, MA). Purified mouse 1gGog and 1gG; myeloma protein were from Cappel
Pharmaceuticals, Inc.

2.2. HIV-infection of primary cultures of monocytes/macrophages

Blood was obtained from healthy volunteers and PBMC were isolated by Ficoll-Paque (GE
Healthcare, Uppsala, Sweden). Using CD11b magnetic beads and columns, monocytes were
isolated according to the manufacturer protocol (Miltenyi Biotec, Auburn, CA). After
isolation, cells (100,000/well), and cultured for 6 days in adherent conditions in the presence
of M-CSF (10 ng/ml, Peprotech, Rocky Hill, NJ). At day 6, the cells were exposed to 20 ng/
ml of p24 of HIV apa derived from stock virus generated in CEM-SS cells (NIH repository,
Germantown, MA). After 24 h of exposure to the virus, cells were washed extensively to
eliminate the unbound virus before addition of fresh medium and then supernatants were
collected every day to assess viral replication by HIVV-p24 ELISA. Immunofluorescence
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analyses of these cultures for CD68 (Abcam) indicate that all cells were macrophages. No
contamination with another cell type was detected.

2.3. Immunofluorescence

Human monocyte-derived macrophages, HIV-infected and uninfected, were grown on
plastic permanox chambers slides (Lab-Tek, Naperville, IL), fixed and permeabilized in
70% ethanol for 20 min at -20 °C. Cells were incubated in blocking solution for 30 min at
room temperature and then in primary antibody (anti-p24 or isotype controls: both 1:50)
overnight at 4 °C. Cells were washed several times with PBS at room temperature and
incubated with phalloidin conjugated to Texas Red (Invitrogen, Carlsbad, CA) to identify
actin filaments and/or the appropriate secondary antibody conjugated to FITC (Sigma, St.
Louis, MO) for 1 h at room temperature, followed by another wash in PBS for 1 h. Plastic
chambers were then mounted using antifade reagent with DAPI, and cells were examined by
confocal microscopy using a Leica microscope (Wetzlar, Germany). To analyze the
processes, serial Z-sections from the surface to the bottom of the macrophages were
obtained (70-180 optical sections) and representative optical reconstruction of those
macrophages or optical sections of bottom and top sections were examined. The numbers of
macrophages containing filopodia, short, long TNT, and their length were quantified using
imaging software, NIS Elements, from Nikon Instruments (Nikon, Japan). To measure the
length of the processes, a line was drawn from the beginning of the processes to the end on
the process in the connected cells, and the NIS Elements program calculated the length
based on the length of the line and the amplification of the pictures taken using the confocal
microscope.

2.4. Statistical analysis

Student’s one-tailed, paired t test was used to compare the numbers and length of processes
and the p24 values. A value of p < 0.05 was considered significant.

3. Results

3.1. Characterization and kinetics of HIV-infection of primary human macrophages

Human monocytes were isolated using CD11b magnetic beads and cultured in M-CSF for 6
days as described in the Methods. Cultures of human monocyte-derived macrophages were
then infected with HIV apa (an R5 virus, 20 ng/ml of p24) for 24 h, and after extensive
washing to eliminate unbound virus, medium was replaced and p24 production was
quantified every 24 h for 8 days by HIV-p24 ELISA (Fig. 1A). Our results indicate that HIV
replication reached the maximum after 2 days post-infection (Fig. 1A, n = 8). After the peak
of infection, viral replication declined and remained stable for up to 8 days post-infection,
the last time point assayed (Fig. 1A). No p24 production was detected in uninfected
macrophage cultures (Fig. 1A). HIV-infection also was demonstrated by immune-staining
and subsequent confocal microscopy of the HIV-infected cultures of macrophages using
DAPI (blue), actin (see small inset, red) and HIVV-p24 (see small inset, green) (colocalization
of all colors is illustrated in Fig. 1B). An example of HIV-infection of macrophage cultures
after 3 days is shown in Fig. 1B. No p24 immunoreactivity was detected in uninfected
cultures (data not shown). No background or nonspecific staining was detected using
irrelevant isotype-matched antibodies (Fig. 1C).

3.2. Uninfected and HIV-infected macrophages have three kinds of processes, filopodia,
short, and long range TNT

To identify different types of processes in macrophages, we performed immunofluorescence
analyses of uninfected and HIV-infected macrophage cultures for HIV-p24 (viral protein,
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green staining), actin (Phalloidin-Texas Red, red staining) and nuclear staining (DAPI).
Using confocal microscopy, 3D reconstruction and an NIS-Element-Advanced Research
program (Nikon, Japan), we categorized the different kinds of processes expressed by
uninfected and HIV-infected macrophages. TNT differ from filopodia in two ways. First,
TNT structures establish a bridge between the cytoplasm of connected cells, while filopodia
do not. Second, the length of these two structures differs; filopodia are ~2.37-5.8 um while
TNT can be up to 100 um. For both TNT and filopodia, the diameters of the processes range
from 50 to 200 nm [3]. We were able to categorize three different types of macrophage
processes based on intercellular communication and length. Some examples of these
different processes are shown in Fig. 2. The length of filopodia in uninfected and HIV-
infected macrophages was ~5 pum, (Fig. 2A and D), while the length of short TNT was ~30
um (Fig. 2B and E), and of long TNT was ~150 um (Fig. 2C and F). The length of the
processes, filopodia and TNT, was similar to the length of these kind of processes reported
for other cells types [3].

3.3. HIV-infection of human macrophages results in enhanced number of TNT

Immunofluorescence analyses of macrophage cultures infected with HIV for HIVV-p24 (viral
protein, green staining), actin (Phalloidin-Texas Red, red staining) and nuclear staining
(DAPI) demonstrated that HIV-p24 protein accumulates in intracellular vesicles, as well as
in long actin-positive processes, that we believe are TNT. To examine whether HIV-
infection of macrophages induces the formation of short and long TNT, we used three
dimensional reconstructions of these fields and the percentage of cells with TNT and
filopodia was quantified using an NIS-Element-Advanced Research program (Nikon,
Japan).

A few macrophages in uninfected cultures have filopodia and TNT, in agreement with other
groups (Fig. 3). HIV-infection of macrophages did not alter the number of cells with
filopodia as compared to uninfected cells (Fig. 3A and D). However, HIV-infection
correlated with a significant increase in the number of macrophages forming short
(~60-70% compared to uninfected cells, Fig.3B and E) and long TNT (~20-25% compared
to uninfected cells, Fig. 3C and F, representative pictures are shown in (E and F)) after 2-3
days post-HIV-infection. After the peak of TNT formation (2-3 days post-infection), a
reduction in the number of cells with TNT was detected until it reached similar numbers as
uninfected macrophages by 8 days post-infection (Fig. 3B and C, representative pictures are
shown in (E and F)). The time course of formation of short and long TNT correlated with
active viral replication (compare Fig. 3B and C to Fig. 1A), suggesting that viral replication
is important for additional TNT formation. We propose that this increased humber of TNT
may facilitate transport/exchange of viral particles between connected cells.

3.4. HIV-infection of macrophages did not alter the length of TNT and filopodia

To determine whether HIV-infection of macrophages changes the length and diameter of the
processes induced during HIV-infection, measurements of the length and diameter of the
processes were taken using an NIS-Element-Advanced Research program (Nikon, Japan).
As there are only a few processes in uninfected cells, we examined a large number of
macrophages (15 fields per experimental condition, n = 5) to assess whether HIV-infection
alters the baseline length of macrophage processes. The length of filopodia in uninfected
macrophages was ~5 pm (Fig. 4). Two kinds of TNT were detected, based on the length of
the TNT processes, a ~30 um, termed “short” (Fig. 4) and a ~150 um, called “long” TNT
(Fig. 4). In HIV-infected macrophages, the length of filopodia, short, and long TNT, was not
altered as compared to uninfected cells during the time course examined (Fig. 4). Thus, we
did not detect changes in the length of the filopodia and TNT in HIV-infected cells as
compared to uninfected cells.
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3.5. Differential compartmentalization of HIV in filopodia and TNT

In addition to the changes in TNT formation induced by HIV-infection of macrophages and
the potential transfer/movement of HIV particles across TNT, we also detected distinctive
compartmentalization in the types of processes induced by HIV-infection. First, one
individual cell can have TNT and filopodia concomitantly (Fig. 5A and B, top and bottom
optical section of the same field). However, these two processes are localized in different
areas of the same cell. Representative top (Fig. 5A) and bottom (Fig. 5B) optical sections of
the same field demonstrated that TNT formation occurs preferentially in the top optical
sections of the HIV-infected cells, while filopodia are mainly localized in the bottom optical
sections of these cells (Fig. 5A and B). These data suggest a regional compartmentalization
of these processes within the same cell. This compartmentalization of filopodia and TNT has
been observed as well in macrophages infected with Mycobacterium bovis [11].

We also observed differences in localization and size of viral particles associated with TNT.
In short TNT, the viral particles, (p24 positive signals, green staining) appear inside the TNT
(Fig. 5C-F). However, in long range TNT, the viral particle appeared to be bigger than the
diameter of the long TNT (Fig. 5G and H). This could be because the internal cytoplasm
was stretched, or it could represent extracellular virus “surfing” on the TNT. These two
findings, intracellular as well as extracellular surfing, have been described in the context of
other viruses and endocytic vesicles (see review by [27]). Further investigation is required to
characterize these kinds of viral vesicles. Our data suggest that viral movement may be
altered by the length of the TNT or that short and long TNT have different cargo
mechanisms for carrying virus or viral particles between connected TNT cells.

4. Discussion

This report characterizes a novel communication system in human primary macrophages,
named TNT that can be induced and perhaps utilized by HIV to spread viral particles by an
intercellular route between connected cells. Although we also detected these processes in
uninfected macrophage cultures in low numbers, HIV-infection resulted in a significant,
transient increase in the numbers of short and long range TNT that correlated with viral
replication.

TNT are long processes that fuse the membranes of two or more cells, resulting in a bridge
that allows direct communication between the cytoplasm of connected cells. In uninfected
cells, TNT enable trafficking of cargo vesicles and organelles, as well as small molecules
such as calcium. Although gap junctions allow similar communication, these channels do
not enable long range communication and only facilitate trafficking of small molecules, up
to 1.2 kDa [3,15]. Characterization of TNT in normal, uninfected cells indicated that TNT
are actin-positive and have low expression of tubulin [11]. In PC12 cells,
immunocytochemical analysis demonstrated that synaptophysin, a marker of synaptic
vesicles, as well as myosin-Va, a mator protein, were present inside nanotubes [3]. TNT also
mediates the exchange of surface membrane proteins [28] such as receptors. A recent report
indicates that TNT are not continuous cytoplasmic bridges in lymphocytes and are almost
impermeable to calcium [14], suggesting that there may be many types of TNT with
different permeabilities and abilities to facilitate communication between connected cells
and/or suggests that TNT formation may be cell type specific. Previous reports, before the
discovery of TNT, indicated that viruses, such as herpes [13,29] and pseudo-rabies viruses
[30], can be transmitted through long extensions without contact with the extracellular
environment, suggesting that viruses may have evolved in a way to use TNT to spread
efficiently between connected cells. Our current report suggests the possibility that HIV also
can be spread to connected cells through TNT, as an additional and complementary
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mechanism to the classic extracellular binding to receptors and subsequent entry into
susceptible cells.

In our cell culture system, we demonstrated that HIV-infection of human macrophages
resulted in significantly increased numbers of TNT. We detected p24 viral protein within
TNT. The presence of these viral proteins in the TNT was correlated with viral replication,
supporting our hypothesis that the virus is an important component in the formation of these
processes, perhaps to facilitate the spread of viral particles to other cells connected by TNT.
We hypothesize that early during viral infection, the virus may use two separate mechanisms
to assure that cells become infected. These are TNT and the classic receptor binding/fusion
mechanism. In our system, initial entry is mediated by the classical and well characterized
use of CD4 and CCR5. However, this route requires several steps to spread infection,
including reverse transcription, viral DNA nuclear insertion, viral transcription, viral
assembly and budding. We propose that during this process, TNT help to facilitate the
expanded infection of cells more rapidly than by receptor-mediated fusion alone. Once an
important percentage of cells are infected (5-7 days post-HIV-infection), we postulate that
TNT are no longer necessary to amplify infection. The intercellular spread of viral particles
may also be a viral escape mechanism to evade potential viral targeting by host defense
systems, or from therapies based on blocking entry steps, such as gp120 based vaccines.
Additional studies are needed to examine these hypotheses.

The TNT lengths that we detected were consistent with previous data obtained in PC12 cells
and other cell types (see review by [1]). We did not detect any difference in the length of
processes between uninfected and HIV-infected macrophages. However, the numbers of
cells with short and long range TNT increased significantly. We were not able to quantify
the numbers of TNT per individual cell, because many cells share one TNT and it was not
always clear specifically where one TNT began or ended. However, it did appear that there
is an increase in the number of short TNT per cell. These observations suggest that HIV-
infection, by an unknown mechanism, induces the formation of TNT to establish cell to cell
communication with other macrophages, to allow viral exchange between connected cells.

We demonstrated that HIV-infection increases the numbers of TNT in primary human
macrophages in correlation with active viral replication. Our results support TNT as a novel
mechanism for viral spread and therefore significant in the pathogenesis of AIDS.
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Fig. 1.

HIV-infection of macrophages results in HIV-p24 production as detected by ELISA and
immunofluorescence. Cultures of human macrophages were exposed to HIV apa (20 ng/ml
p24) for 24 h and then washed extensively to eliminate unbound virus. Medium was
collected every day to assay p24 production by ELISA. (A) HIV-infected macrophages
produce significant amounts of p24, after 1-3 days that decrease after 4-8 days post-infection
(red line, @) (n = 8 independent experiments, mean = SD). No p24 was detected in
uninfected cultures (black line, m). (B) HIV-infected macrophages were stained at different
time points with antibodies for HIV-p24 (green staining, see inset), actin (Texas Red-
phalloidin, red staining, see inset) and with DAPI (blue staining). A representative picture of
2 days post-infection is shown to illustrate intracellular vesicular staining as well as HIV-
p24 staining inside long processes (B). No background or nonspecific staining was detected
using isotype-matched irrelevant antibodies (C). Bar = 25 um.
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Fig. 2.

Uninfected and HIV-infected macrophages have three types of processes, filopodia, short
and long TNT. Based on the length of the processes formed by macrophages, we categorized
them into three groups, filopodia, short and long TNT. The criteria for these groups were
based on the length of the processes as well as on whether the process connected one or
more cells, TNT. (A-F) Macrophages stained for HIVV-p24 (green staining), actin (Texas
Red-phalloidin, red staining) and DAPI (blue staining). Panel (A) shows filopodia in
uninfected macrophages and (D), is the enlargement of the boxed area denoted in (A). Panel
(B) shows a representative picture 3 days post-HIV-infection of short TNT, and E, is the
enlargement of the boxed area denoted in (E). Panel (C) shows a representative picture 3
days post-HIV-infection of long TNT, and (F), is the enlargement of the boxed area denoted
in (C). Bars = 25 um for (A and B) and 50 pm for (C).
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Fig. 3.

HIV-infection induces the transient formation of short and long range TNT. The percentage
of cells with processes was quantified using confocal microscopy to detect staining for HIV-
p24 (green staining), actin (Texas Red-phalloidin, red staining) and DAPI (blue staining).
Three dimensional reconstruction, using the imaging program NIS, was performed to
visualize all TNTs and filopodia in these cultures. (A) In uninfected (m, black line) and HIV-
infected (®, red line) macrophage cultures, ~15-25% of the cells have filopodia. (B) HIV-
infection of macrophages induces the formation of additional short TNT (®, red line, *p <
0.001, n = 4) as compared to uninfected cultures of macrophages (m, black line). (C) HIV-
infection of macrophages induces the formation of an increased number of long TNT (®, red
ling, *p < 0.003, n = 4) as compared to uninfected cultures (m, black line). Statistical
significance in (B and C) graphs, between uninfected and HIV-infected macrophages, was
found at days 2-6 and 2-4, respectively, and returned to control levels (uninfected cells) after
5 and 6 days post-infection. (D) An example of filopodia at time O in uninfected cells stained
for actin and DAPI. (E) An example of short range TNT, 3 days post-infection with HIV
stained for HIV-p24 (green staining), actin (Texas Red-phalloidin, red staining) and DAPI
(blue staining). (F) An example of a decrease in short and long TNT, 7 days post-infection.
Arrow in (D) denotes the filopodia structures at time 0. Bar = 25 pum.

Cell Immunol. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eugenin et al.

Page 12

200+
= Macrophages n=5 (101)
= [1 Uninfected
» Y
3 150 mmm Hiv-infected
O
(& ]
2 100-
S
©
= ’
% 50- n=5 (171)
=
)
> n=5 (138)
3 0 A ——

Fllopodlum? Short TNT Long  TNT

Fig. 4.

HIV-infection, although alter the numbers of TNT, did not alter the length of the processes.
Using the process classification described in Fig. 2, we determined whether HIV-infection
alters the length of the processes induced. Length of the processes (um) in uninfected cells
(white bars) and HIV-infected cells (black bars) at days 2 and 3 post-infection. No changes
in the length of the processes were detected at any other time points (data not shown). No
significant changes in the length of the processes were found between uninfected and HIV-
infected macrophages, suggesting that the length of the processes is not altered (day 3, p <
0.7, n = 5) by HIV-infection.
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Distinct HIV vesicles localization in TNT processes. Staining of macrophages infected with
HIV for HIV-p24 (green staining), actin (Texas Red-phalloidin, red staining) and DAPI
(blue staining) and subsequent 3D reconstruction demonstrated that one cell can have both
filopodia and TNT in different optical planes. It also demonstrated HIV particles between
connected cells. (A and B) These pictures correspond to the same field showing that the
same cell can have both TNT (top optical section) and filopodia (bottom optical section)
(see arrows). Panel (C) represents a picture of short TNT in HIV-infected macrophages at
day 3 post-infection stained for HIV-p24 (green staining), actin (Texas Red-phalloidin, red
staining) and DAPI (blue staining). The white box in (C), enlarged in (D-F), corresponds to
short range TNT, stained for actin (Texas Red-phalloidin, red staining, (D)), HIV-p24 (green
staining, E), and DAPI (blue staining, no shown). Panel (F) corresponds to the merge of (D
and E), showing HIV-p24 positive vesicles in short TNT (see arrows). The white box in (G),
as enlarged in (H), corresponds to long range TNT, stained for actin (Texas Red-phalloidin,
red staining), HIV-p24 (green staining), and DAPI (blue staining). Arrows denote HIV-p24
positive vesicles being transported across long range TNT.
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