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Human immunodeficiency virus type 1 (HIV-1) transmission by the parenteral route is similar to mucosal
transmission in the predominance of virus using the CCRS5 coreceptor (RS virus), but it is unclear whether
blood dendritic cells (DCs), monocytes, or T cells are the cells initially infected. We used ex vivo HIV-1 infection
of sorted blood mononuclear cells to model the in vivo infection of blood leukocytes. Using quantitative
real-time PCR to detect full-length HIV-1 DNA, both sorted CD11¢™ myeloid and CD11¢~ plasmacytoid DCs
were more frequently infected than other blood mononuclear cells, including CD16™ or CD14* monocytes or
resting CD4" T cells. There was a strong correlation between CCRS5 coreceptor use and preferential DC
infection across a range of HIV-1 isolates. After infection of unsorted blood mononuclear cells, HIV-1 was
initially detected in the CD11c¢* DCs and later in other leukocytes, including clustering DCs and activated T
cells. DC infection with R5 virus was productive, as shown by efficient transmission to CD4™ T cells in
coculture. Blood DCs infected with HIV-1 in vitro and cultured alone expressed only low levels of multiply
spliced HIV-1 RNA unless cocultured with CD4™ T cells. Early selective infection of immature blood DCs by
RS virus and upregulation of viral expression during DC-T-cell interaction and transmission provide a

potential pathway for RS selection following parenteral transmission.

Dendritic cells (DCs) and Langerhans cells (LCs) are spe-
cialized cells in mucosa and skin that are among the first
leukocytes to encounter antigens and migrate to the lymph
nodes to elicit T-cell responses. Human immunodeficiency vi-
rus type 1 (HIV-1) is able to use these migratory cells to rapidly
gain access to activated T cells in draining lymph nodes to
establish infection. Following delivery of simian immunodefi-
ciency virus (SIV) to the vagina, infection of LCs occurs in the
stratified squamous epithelium of the vagina and exocervix (28,
66), and using a human ex vivo skin model, there is preferential
carriage of HIV-1 using the CCRS5 coreceptor (R5 virus) by
LCs in the epidermis (32-34, 56). Although selective entry of
R5 HIV-1 into LCs occurs in squamous epithelium, there are
few CD4™ T cells in the epidermis compared to lamina propria
and submucosa. In T-cell-rich sites, early and direct virus rep-
lication in CD4" T cells, as suggested by infection and deple-
tion in the gastrointestinal tract after SIV (41, 44) and HIV
infection (3, 14, 36), may bypass DC involvement. Using in situ
hybridization to detect infection, activated and resting CD4" T
cells rather than DCs are the primary cells infected after SIV
infection via the rectal route and only later was infection seen
in DCs or macrophages (75). A similar pattern was demon-
strated following SIV infection of tonsillar tissue in macaques
(67). Preferential passage of RS HIV-1 across the columnar
epithelium selects for R5 virus (47), and preferential infection
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of CD4™ T cells may also be facilitated by greater expression of
CCR5 on mucosal CD4" T cells compared to blood T cells
(27). Although it is clear that both LCs and CD4™" T cells may
provide cellular mechanisms for HIV selection across mucosa,
the mechanism for selective transmission of RS virus after
parenteral exposure is not known.

We initially proposed a “virus carriage” model for cultured
blood DCs (6) and DCs migrating from skin (53) that allowed
for efficient carriage and transfer from DCs to T cells with
minimal productive infection in DCs. In this model, CD4* T
cells are the primary site of virus production, and DCs are
passive carriers of infectious virions, rather than sources of
replicating HIV-1. Subsequent identification of DC-SIGN
(19), a C-type lectin receptor (CLR) highly expressed on
monocyte-derived DCs (MDDCs), allowed characterization of
this pathway of virus carriage and transfer from uninfected
MDDCs to CD4" T cells. Although “transinfection” by a
CLR-mediated path (38) allows for DC-mediated HIV-1 entry
into CD4™" T cells in the absence of DC infection, transinfec-
tion does not explain early selective transmission of RS virus
(72), since DC-SIGN binds all HIV-1 and SIV isolates (52) and
all viral phenotypes, including both X4 and RS.

Selective transmission of HIV-1 is a feature of virus trans-
mission whatever the route of transmission (11, 59). This sug-
gests a common cellular or molecular pathway that is indepen-
dent of the route of infection. Recent studies of infection of
blood DCs examined the role of DC infection and entry of
HIV-1 into CD4™" T cells. In these studies, DCs were cultured
with cytokines, including interleukin 3 and granulocyte-mac-
rophage colony-stimulating factor or alpha interferon, before
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infection, and both X4 and R5 HIV-1 productively infected
plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) (42, 63)
were transferred to CD4™ T cells (13). DC survival is improved
by the addition of cytokines (30, 31, 35), but culture is also
associated with maturational changes in the DCs (10, 46).
Alteration in chemokine receptor expression occurs in both
LCs (74) and DCs (39) during culture; therefore, cultured DCs
may not accurately represent the nonactivated cells found in
tissue or the DCs migrating through lymphatics to draining
lymph nodes during homeostasis (21).

Parenteral transmission is associated with exposure of blood
leukocytes to HIV-1 of different tropism and would be ex-
pected to result in infection and transmission of both R5 and
X4 virus. Parenteral transmission, like mucosal transmission,
selects for RS virus (11). To determine the contribution of DC
infection to this viral selection during parenteral infection, we
compared HIV-1 entry of different HIV-1 isolates into sub-
populations of blood leukocytes isolated directly without cul-
ture. We hypothesized that circulating blood DCs may select
for transmission of RS virus and are permissive to infection by
RS but not X4 virus. We found that uncultured DCs were more
permissive for productive infection with R5 HIV-1 than CD4™
T cells or monocytes and that most infected DCs can transfer
R5 HIV-1to CD4" T cells consistent with a predominant if not
exclusive infectious pathway.

MATERIALS AND METHODS

Preparation and sorting of blood leukocyte subpopulations. Peripheral blood
mononuclear cells (PBMCs) were isolated over Ficoll Hypaque gradients (Phar-
macia, Uppsala, Sweden) from fresh buffy coats (Melbourne Red Cross Blood
Transfusion Service). Lymphocytes and monocytes were separated by elutriation.
PBMCs (5 X 10% to 12 X 108 cells) were loaded into a standard chamber in a J6M
centrifuge (Beckman, Fremont, CA), and elutriation was performed at 2,200 rpm
at 4°C. The CD14" and CD16" monocyte/DC populations were sorted from
directly labeled monocyte fractions and the CD4" T cells from the pooled
lymphocyte fractions labeled with nonsaturating concentrations of antibodies to
CD4 and HLA-DR (Becton Dickinson, Palo Alto, CA). Cells in the monocyte
elutriation fractions were depleted with antibodies to lineage markers CD3
(OKT3), CD14 (3C10), CD16 (3G8), and CD19 (FMC63). The cells were
washed in fluorescence-activated cell sorting wash (phosphate-buffered saline, 1
mM EDTA, 1% normal human serum) and incubated with magnetic activated
cell sorting (MACS) goat anti-mouse immunoglobulin G beads (Miltenyi Biotec,
Bergisch Gladbach, Germany) at 4°C before depletion using MACS columns and
magnets. The negative fraction was labeled with HLA-DR (BDIS, Palo Alto,
CA) and sorted for HLA-DR™ lineage-negative (lin~) cells by flow cytometry
(FCM) (FACS II [Becton Dickinson] or MoFlo CLS [Cytomation, Fort Collins,
CO]). Subpopulations of pDCs and mDCs were sorted using antibodies to
CD11c (BDIS) or CD1b/c (clone B-B5; Biosource International, Camarillo, CA),
a marker for myeloid DC and LC precursors (29). For cells sorted after infection,
PBMCs were harvested, and aliquots were stained with directly conjugated
HLA-DR and CD4 or CD14 and CD16 (BDIS), fixed either in 80% methanol or
1% formaldehyde (Ultrapure; Polyscience, Warrington, PA) for 30 min on ice
before sorting by FCM. Lineage ™ MACS-selected (MACS™) cells were labeled
with directly conjugated HLA-DR and CD3 antibodies after blocking with 10%
mouse serum and the large CD3™ DR™ cells and clusters sorted by FCM. DCs
were sorted from lin~ cells negatively selected by MACS and labeled with
HLA-DR and CDl1lc before sorting for HLA-DR* lin~ DCs or separate
CD11c¢* mDCs and CD11¢c™ pDCs by FCM. Single cells were selected by for-
ward scatter, side scatter, and pulse width to exclude doublets.

HIV-1 isolates. Infection with HIV-1 included primary isolates that had been
passaged a limited number of times (md#8, md#20, md#14, md#15, asx, mam4,
AH1, AH2, and AHS were provided by S. Crowe, Burnet Institute, Victoria,
Australia, and M-tropic HIV-1 isolate 676-200 and X4 isolate 228-200 were
provided by D. McPhee, Burnet Institute); laboratory-adapted X4 isolate IIIb,
M-tropic R5 isolate Ba-L, and the molecular clones NL4-3 and ADS (AIDS
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Reagent Repository, NIH) and chimeric virus NL-AD8env (M. Martin, NIH,
Bethesda, MD).

Virus culture and infection. HIV-1 isolates were passaged in mitogen-acti-
vated PBMCs in RF10 (10 mg/ml phytohemagglutinin in RPMI 1420 with 10%
fetal calf serum, 2 mM glutamine, 25 mg/ml gentamicin) with interleukin 2 (10
U/ml) (Boehringer Mannheim, Mannheim, Germany). Supernatants were fil-
tered (0.2-pm filter; Schleicher and Schuell, Keene, NH), stored at —70°C, and
treated with 50 U/ml RNase-free DNase (Boehringer Mannheim, Mannheim,
Germany) in 10 mM MgCl, at 37°C for 30 min. The 50% tissue culture infective
dose was determined in 3-day-activated PBMCs. Coreceptor usage was deter-
mined using “ghost” cells expressing CCR5 or CXCR4 as described previously
(49). The 50% tissue culture infective doses of virus stocks were between 2 X 10°
and 5 X 10° IU/ml. In each experiment, the sorted leukocyte subpopulations
pooled from two donors (0.5 X 10° to 2 X 10°) were incubated with 50 l of virus
at 4°C and 37°C for 2 h in round-bottom 96-well microtiter plates (Nunc,
Naperville, IL). Cells were washed three times with fluorescence-activated cell
sorting wash and once with RF10 culture medium. In some experiments, RF10
was added to the culture to dilute the cells to 0.5 X 10° to 1 X 10° cells/ml and
culture continued for 24 to 36 h. Cells were harvested for PCR as described
previously (6), and lysates were stored at —20°C before PCR analysis.

Quantitative PCR. Semiquantitative PCR for HIV-1 was performed as de-
scribed previously (6). The band intensity on radiographic film was compared to
standards created with infected cell lines Ul and ACH2 using a scanning den-
sitometer (Bio-Rad Laboratories, Hercules, CA). Real-time PCR was performed
using molecular beacons as described previously (40). HIV-1 primers (SL19 [5’
TCT CTA GCA GTG GCG CCC GAA CA 3'] and SL20 [5" TCT CCT TCT
AGC CTC CGC TAG TC 3']) and the matching molecular beacon [5" 6-car-
boxyfluorescein-CGG GAG TAC TCA CCA GTC GCC GCC CCT CGC CCT
CCC G-4-(4'-dimethylaminophenylazo) benzoic acid-3'] that cross the primer
binding site and long terminal repeat were used to detect only full-length reverse
transcripts. Primers for CCRS (LK46 [5'GCT GTG TTT GCG TCT CTC CCA
GGA 3'] and LK47 [5' CTC ACA GCC CTG TGC CTC TTC TTC 3']), and the
molecular beacon recognizing the sequence 5 GAG AAC GGT GAA TGA
AGA GCA GAC AG 3’ were used to quantitate genomic copies. Amplifications
were performed using a Perkin-Elmer 7700 (Perkin-Elmer, Branchburg, NJ).
Copy number was determined from cycle number using HIV-1 and DNA stan-
dards created using 8ES5 cell line and expressed as the number of HIV-1 copies
per 10° cells.

Quantitative real-time PCR for multiply spliced RNA. RNA was prepared
from sorted DCs or DC-T-cell cocultures after infection with HIV-1 using a
guanidinium lysis buffer and oligo(dT) beads (Dynal, Oslo, Norway) according to
the manufacturer’s instructions. Reverse transcription and real-time PCR were
performed as described previously (40) but was modified to include random
hexamers (Pharmacia, Uppsala, Sweden) in the reverse transcription reaction
mixture to increase sensitivity.

Virus transfer and reverse transcriptase assays. Sorted CD4™ T cells, CD14"
monocytes, and DCs were infected with HIV-1 by resuspending the pelleted cells
in the virus-containing medium at a cell concentration of 2 X 10° cells/ml to give
multiplicities of infection between 0.01 and 0.25. Cells were washed immediately
after infection or were diluted to 0.5 X 10° to 1 X 10° cells/ml and cultured
overnight before they were washed and added to CD4™ T cells in cocultures with
the superantigen staphylococcal enterotoxin B (SEB) (40 ng/ml) (Sigma, St.
Louis, MO). Infected cells (5 X 10*) were added to 2 X 10° PBMCs in flat-
bottom microtiter plates (Nunc, Naperville, IL), medium was changed twice
weekly, and virus production was determined by a reverse transcriptase assay as
previously described (6).

Statistical analysis. Generation of box plots, nonparametric statistical analysis
(Wilcoxon signed-rank test), and correlations (Spearman) were performed using
the statistical program R.

RESULTS

Blood DCs sorted without culture from fresh blood are
functional in mixed leukocyte cultures. Blood leukocytes were
sorted into lymphocyte, DC, and monocyte subpopulations
(Fig. 1A). Lymphocytes were gated by size and side scatter
and sorted using CD4 and HLA-DR antibodies into B, CD4 ™,
and CD8"/NK cells. Monocytes were divided into CD14™ and
CD16" monocytes. Blood DCs were sorted from lineage-de-
pleted populations and divided by CD11c or CD1b/c expres-
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FIG. 1. Isolation and function of blood leukocytes. (A) PBMCs were
sorted by flow cytometry before or after HIV-1 infection. Monocytes were
sorted into subpopulations expressing CD16™" (i) or CD14™" (ii). Lympho-
cytes were sorted by expression of HLA-DR and CD4 into CD4" T cells
(iii) and B cells (iv) and CD8"/NK cells (v). For sorting of DCs, the
lineage-negative cells were enriched by MACS depletion with CD3,
CD14, CD16, and CD19 and sorted as large lineage-negative HLA-DR*
cells and further divided by expression of CD1c or CD11c into mDCs (vi)
and pDCs (vii), respectively. Representative purity is shown for sorted
populations. SSC, side scatter; FSC, forward scatter. (B) Directly isolated
and sorted populations were added in graded doses to allogeneic (open
circle) or syngeneic (faint square) purified CD4* T cells. Sorted cells were
stained for nonspecific esterase and with Giemsa stain (Diff Quik). mDC,
myeloid DCs; pDC, plasmacytoid DCs.

DifiQik Non specific esterase

sion using the lineage markers that have been well described
(48). The purity of sorted cells was determined by FCM and
was routinely greater than 97%. Directly isolated DCs stimu-
lated an allogeneic response (Fig. 1B). As few as 1,000 mDCs
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isolated by sorting for the lin~, HLA-DR™, CD1c™ population
were able to stimulate proliferative responses in resting CD4*
T cells. The CD16" monocyte populations and the pDCs re-
quired more cells to generate similar thymidine uptake but
were more stimulatory than the CD14" monocytes. Staining
for the monocyte marker nonspecific esterase showed no de-
tectable expression in pDCs but some low-level and heteroge-
neous expression in the mDC and CD16" monocyte popula-
tions that include both DC and monocyte subpopulations (60).
These experiments demonstrated that the sorting methods
produced highly enriched populations of functional DCs. Both
the phenotype and expression of CXCR4 and CCRS on simi-
larly defined populations of uncultured DCs have been de-
scribed previously (39, 43). In these experiments, antibody to
CD16 included in the lineage cocktail would deplete the CD16
DCs, including the small number expressing DC-SIGN (15,
65). DC-SIGN is also expressed on subpopulations of plasma-
cytoid DCs and increased after culture (65). These DC popu-
lations bind HIV gp120 only by C-type lectin-independent
mechanisms (69), indicating the absence of detectable DC-
SIGN and the CLR found on tissue DCs (71).

Quantitative analysis of HIV-1 entry into sorted PBMCs.
Given that prolonged culture may change expression of che-
mokine receptors (39, 74) and HIV-1 susceptibility, resulting
from DC maturation during HIV-1 exposure, we pulsed sorted
PBMCs (described above) with RS HIV-1 for 2 h at 37°C
before washing the cells and culturing them in virus-free me-
dium.

Where possible, the lin™ HLA-DR™ DCs were further di-
vided into CD11¢™ mDCs and CD11c¢™ pDCs, but as shown in
Fig. 2B, similar entry of HIV-1 into total DC and DC subpopu-
lations was found. The highest quantity of HIV-1 DNA was
found in mDCs and pDCs compared to monocytes and resting
CD4"% T cells (Fig. 2A). To further quantitate the relative
frequency of infection of DCs compared to those of lympho-
cytes and monocytes, we next infected sorted cells with RS
HIV-1,ps. HIV-1 DNA in the mDCs sorted by CDIc (29)
were compared to pDCs and lymphocytes (Fig. 2B). The con-
centrations of HIV-1 DNA in DC subpopulations infected with
HIV (CD1c™ HIV-1 DNA concentration median, 2,104 copies/
10° cells; CD1c* HIV-1 DNA median, 1,183 copies/10° cells)
were similar to that of 1-day-activated autologous PBMCs
(HIV-1 median, 2,078 copies/10° cells) and significantly higher
than those of CD4" T cells (median, 249 copies/10° cells; P =
0.00005) and NK/CD8* T cells (median, 13.0 copies/10° cells;
P = 0.0014) and B cells (median, 16.3 copies/10° cells; P =
0.0009).

DCs and resting CD4 ™ T cells were then infected with either
RS or X4 virus (Fig. 2C and B). In these experiments, because
DC numbers were limited, we compared bulk DCs to other
blood leukocytes. We reasoned that an increase in susceptibil-
ity to X4 isolates that has been reported for cultured pDCs (50,
63) would be evident in the bulk DC population, as pDCs
represented 50 to 70% of the DCs. To allow for differences in
viral titers of the different patient isolates and the considerable
host-dependent variability in infection by patient isolates (9),
data are expressed as a ratio of HIV-1 DNA in the cells of
interest to HIV-1 DNA in autologous activated PBMCs.
Compared to RS virus, the X4 HIV-1 isolates had significantly
lower concentrations of HIV-1 DNA in the DCs. The efficiency
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FIG. 2. Quantitation of HIV-1 infection of sorted blood leukocytes. (A) Cells were sorted by flow cytometry, infected with HIV-1 5 for 2 h,
and washed, and HIV entry was determined after culture for a further 24 h. For each experiment, infection was at 4°C and 37°C, and the positive
controls were autologous PBMCs activated overnight with superantigen SEB (aPBMC). Representative data from one of six experiments are
shown. The values are the means for replicate cultures. (B) Entry of R5 HIV-1,p4 into mDC and pDC subpopulations. Lin™ HLA-DR™" cells were
sorted into mDCs (HLA-DR" CD1c") and pDCs (HLA-DR* CD1c ") and infected with R5 virus. Data are presented in a box and whisker plot
where the edges of the boxes are the 25th and 75th percentiles, the horizontal line in the box is the median, the “whiskers” represent the 10th and
90th percentiles, and the dots indicate outliers. Box plots represent summary data from five separate experiments. Both mDCs and pDCs had
significantly more infected cells than B cells (DR™ CD47), CD4" T cells (CD4* DR™), or NK/CD8" Iymphocytes (CD4~ DR™). aPBMC,
SEB-activated PBMCs; NS, not statistically significant. (C) Comparison of entry of RS and X4 viruses into blood leukocytes. Data are presented
in a box and whisker plot where the edges of the boxes are the 25th and 75th percentiles, the horizontal line is the median, the “whiskers” represent
the 10th and 90th percentiles, and the dots indicate outliers. Box plots represent summary data from six separate experiments using HIV-1 isolates
RS HIV-1,pg, X4 HIV-1y; 4.3, and a patient isolate (AHS). The copy number in each cell population was standardized by comparing the copy
number for the same isolate in a similar number of activated autologous PBMCs (aPBMC). Entry of HIV-1, g into DCs (defined as lin~ DR*
cells) was significantly higher than entry of HIV-1y; 4.5 (P = 0.03) and entry into other leukocytes. (D) Correlation between coreceptor usage and
selective entry into DCs. Sorted DCs (defined as lin~ DR™ cells), activated PBMCs, and sorted resting CD4™ T cells were infected with HIV-1
that had been characterized by entry into ghost cells expressing CCR5 or CXCR4. The ratio of entry by CCR5/CXCR4 was determined by FCM
for each isolate (y axis) and plotted against the ratio of entry in panel D.

of entry of X4 isolates into DCs was not significantly different
to infection of resting CD4% T cells. The primary patient
isolate AHS entered cells with similar efficiency to the RS lab
isolate AD8 (Fig. 2C). Significantly more DCs were infected
with HIV-1, ¢ than with HIV-1,,5 (P = 0.03). The sorted
CD16" or CD14" monocytes were infected at a level similar to
that of CD4™" T cells and significantly less than that of DCs
(P = 0.016).

In the next experiment, the relationship between viral tro-
pism and infection of CD4" T cells was directly determined.
For the different HIV-1 isolates, infection of cell lines express-
ing CCRS or CXCR4 (ghost cells) was compared to infection
of primary cells by quantitation of HIV-1 DNA. Preferential
infection of DCs was determined by the frequency of entry into
DCs compared to autologous resting CD4 ™" T cells. Across the
isolates there was a clear correlation (0.82; P = 0.0002) be-

tween preferential infection in DCs by RS viruses compared to
CD4™" T cells and their ability to use CCR5 (Fig. 2D).

In summary, these experiments showed preferential infec-
tion with R5 and not X4 strains compared to CD4™ T cells and
that this preferential infection was evident with both pDCs and
mDCs. Further, the rate of RS infection in DCs is significantly
higher than in CD16" or CD14™ monocytes or resting CD4™
T cells.

Selective infection of DCs during infection of unfractionated
PBMCs. To determine whether HIV-1 infection of DCs also
occurred under more physiological conditions where there is
competition between leukocytes for HIV-1 binding, we in-
fected unseparated PBMCs for 2 h with HIV-1 and sorted the
leukocyte subpopulations up to 36 h after infection. Some
HIV-1 entry into mDCs was detected at the 12-h time point
and to a higher level than that for the pDCs (Fig. 3A). HIV-1
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FIG. 3. Preferential entry of HIV-1 into DCs in unseparated PBMCs. Freshly isolated syngeneic PBMCs were infected for 2 h with R5 HIV-1
and DCs sorted after different culture periods. Cells were separated into lineage-negative and lin™ cells by MACS, and the DCs were sorted by
FCM into separate cell populations after methanol fixation. Resting CD4" T cells and monocytes were sorted by FCM directly from PBMCs. Viral
entry was quantified by HIV-1 DNA copies/10° cells. The limit of detection of the assay was 10 copies/10° cells. (A) Distribution of RS HIV-1 in
sorted lymphocytes, monocytes (mono), and DCs immediately after infection and following 12 and 36 h in culture. Representative results from one
of six similar experiments are shown. (B) Comparison of kinetics of entry and reverse transcription in DCs compared to resting and activated T
cells. Representative results from one of four experiment are shown. The mean plus standard deviation (error bar) is shown for replicate values
at each time point. aPBMC, autologous PBMCs activated overnight with superantigen SEB. (C) Distribution of HIV-1 DNA in single cells and
in large cells or clusters expressing CD3 and HLA-DR. PBMCs were infected with R5 virus and sorted as described above for panel A. MACS*
cells were further labeled with CD3* and DR™, and large cells and clusters were sorted for DC-T-cell clusters or activated T cells. Data are
representative of three experiments. (D) PBMCs were infected with HIV-1 .4, and labeled cells were sorted after 36 h as described above for
panels A and C, but formalin fixation was used before sorting to reduce cell clustering during sorting and increase yield. Lineage-positive cells were
sorted by DR and CD3 expression to define activated T cells and DC-T-cell clusters (DR* CD3™"). Data are presented in a box and whisker plot
where the edges of the boxes are the 25th and 75th percentiles, the horizontal line in the box is the median, the “whiskers” represent the 10th and
the 90th percentiles, and the dots indicate outliers. The box plots show pooled results from eight donors in four separate experiments. NS, not
statistically significant.

DNA was detected in the bulk PBMC populations and in the activated PBMCs within 12 h (Fig. 3B), but the kinetics of
mDCs at 12 h but not in other populations. To exclude the appearance of full-length provirus were similar in DCs and
possibility that the early detection of HIV-1 DNA reflected resting CD4 " T cells. We concluded that the higher number of
different kinetics and more rapid reverse transcription in DCs, DCs carrying HIV-1 DNA early after PBMC infection results
the time course for detection of HIV-1 DNA was compared for from preferential HIV-1 infection of the DCs rather than dif-
sorted populations of DCs, resting CD4" T cells, and SEB- ferences in the rates of reverse transcription and generation of
activated PBMCs. High levels of HIV-1 DNA were found in full-length viral DNA.
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determined using HIV-1-infected DCs cocultured with T cells. Multiple HIV-1 strains were used to infect DCs for 18 h (A) or 2 h (B). The multiple
HIV-1 strains included the following: primary isolates ahl mamh4, ah2, ah5, 676, and 228; laboratory isolate Bal; and molecularly cloned virus
NL4-3, ADS, and NL(ADS8) The RS isolates are shown as filled symbols; dualtropic R5X4 and X4 tropic are shown as open circles. RTase, reverse
transcriptase. (A) DCs and CD14" monocytes from two donors and control activated PBMCs (aPBMC, PBMCs activated with SEB for 3 days)
were infected with HIV-1 and cultured overnight before the infected cells were washed and added to activated T cells to allow for differences in
the stimulatory capacity of DCs and monocytes. Reverse transcriptase production in the supernatant of the cocultures was measured from day 5
to 10. All HIV-1 isolates were transferred to T cells, including R5 (closed symbols) and X4 or dualtropic R5X4 HIV-1 (open symbols) using an
overnight incubation with virus. (B) Different numbers of DCs were infected with HIV-1 for 2 h before washing and coculture with activated T
cells. Virus production was monitored by reverse transcriptase assay. RS isolates are shown as filled symbols, and X4 isolates are shown as open
symbols. A total of 50,000 DCs were infected with a panel of primary and lab isolates (top panel). A reduced number of DCs were pulsed with
cloned HIV-1, g, HIV-1y; 4.3, and HIV-1INL(ADS8) (middle and lower panels), and virus production in supernatant was measured from days 3 to
10. The transfer of HIV-1 from as few as 500 DCs to activated T cells suggests that the frequency of infection in the DCs is greater than 1 in 500

cells. None of the X4 virus was transferred to T cells following the short virus exposure.

Reduced recovery of DCs sorted from cultured PBMCs was
found at 12 and 36 h of culture (approximately 50% and 10%),
respectively). This could be attributed to several factors, in-
cluding reduced survival of DCs compared to lymphocytes as
previously described for both plasmacytoid (26) and myeloid
subpopulations of DCs during culture (12). In addition, for-
mation of clusters of DCs and T cells as previously described
for syngeneic and allogeneic cultures (5, 53, 68) may result in
reduced recovery of single DCs. DC-T-cell clusters form dur-
ing syngeneic or allogeneic culture (54, 73); however, we
avoided allogeneic clustering by culturing cells from each do-
nor separately and pooled before negative selection and sort-
ing, but clustering and removal of DCs in the lineage™ popu-
lation during MACS may account for some of the progressive
loss of DCs. Methanol fixation improves performance of DNA
PCR but favors clumping and reduces the isolation of single-
cell populations (61), so experiments shown in Fig. 3D were
performed with cells sorted after formalin fixation. The cells
selected by lineage markers, including CD3 (MACS™ cells),
were restained with directly labeled antibodies to HLA-DR
and CD3, and HIV-1 DNA was determined in the CD3™ and
DR™ CD3™ cells that will include both DC-T-cell conjugates

and clustered activated T cells. At 0 and 12 h, there were too
few DR* CD3™ cells to quantitate viral load, but by 36 h, this
fraction contained sufficient cells to show significantly higher
frequency of HIV-1 than in the CD4™ T cells or CD3™ cells
(Fig. 3C). Culture-associated increase in CD16 expression on
monocytes allowed sorting of only one population of CD14™"
CD16" monocytes.

To block spreading infection, we added the protease inhib-
itor (PI) indinavir at 0.1 mM to the PBMCs at the end of the
2-h infection. In control experiments, this concentration of
indinavir blocked spreading infection in PBMCs (data not
shown). The addition of PI did not significantly change the
distribution of HIV-1, suggesting that spreading infection to T
cells from DCs was not occurring at these early time points. No
significant difference between the DC subpopulations was
found 36 h after infection, but the concentrations of HIV-1
DNA in both pDCs (HIV-1 DNA median, 570 copies/10° cells)
and mDCs (median, 302 copies/10° cells) were significantly
higher than in the CD4" T cells (median, 120 copies/10° cells;
P = 0.004 mDCs; P = 0.08 pDCs), CD3™" cells (median, 30
copies/10° cells; P = 0.03) or the unseparated PBMCs (me-
dian, 23 copies/10° cells; P < 0.03) (Fig. 3D).
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DCs are productively infected with HIV-1 and transfer R5
virus to CD4* T cells. To determine whether the infected DCs
contained replication-competent virus, DCs, CD14" mono-
cytes, and activated PBMCs were infected overnight with dif-
ferent RS and X4 HIV-1 isolates and then activated PBMCs
were added to determine whether differences in viral entry
resulted in differential virus transfer from DCs to activated T
cells. Spreading infection in these cocultures occurred follow-
ing infection of DCs or activated PBMCs but not following
infection of CD14™ monocytes (Fig. 4A). Importantly, both R5
and X4 viruses were transferred from DCs to the T cells,
consistent with the nonspecific transfer previously observed
with cultured primary DCs (6) or emigrant skin DCs (53). In
our experiments, SEB-activated PBMCs were used in the co-
cultures to minimize the observed differences in the ability of
DCs and monocytes to stimulate T cells (Fig. 1).

We then determined whether the short 2-h infection of un-
cultured DCs (that we had shown was associated with prefer-
ential RS infection by quantification of HIV-1 DNA) would
show specificity of viral transfer from DCs to T cells. Prefer-
ential transfer of RS virus was found with DCs pulsed with
virus for 2 h and washed well before coculture with activated T
cells (Fig. 4B). Titration of DC number suggests that as few as
500 DCs were able to establish productive infection in T cells,
suggesting a high frequency of productive infection (Fig. 4B).
The viral isolates that were transferred from DCs to T cells
were the same isolates that infected DCs as measured by
HIV-1 DNA (data not shown). The lack of transfer of X4 virus
following a short virus incubation suggests that there is little if
any transfer of virus by transinfection when the uncultured
DCs are infected.

HIV-1 expression in DCs is increased during T-cell activa-
tion. To further determine whether productive infection oc-
curred in DCs, we infected DCs and measured HIV multiply
spliced RNA (msRNA) relative to HIV-1 DNA copies. Fol-
lowing HIV-1 infection of isolated DCs, the level of HIV
msRNA was low compared to the level of HIV DNA, suggest-
ing lack of integration or nonproductive infection (Fig. 5A and
B). Mature MDDCs were similar to the freshly isolated blood
DCs in that they contained a low msRNA-to-DNA ratio (Fig.
5A). Infection of immature MDDCs with RS virus, however,
resulted in a high msRNA-to-DNA ratio similar to the infec-
tion of activated PBMCs consistent with previous reports (7,
24). Since interactions between DCs and T cells lead to acti-
vation of DCs by CD40-CD154 interactions (17, 51), we in-
fected DCs (in the absence of T cells) immediately after iso-
lation from PBMCs and quantitated msRNA over time. We
found low levels of msRNA in DCs compared to the levels in
activated PBMCs (Fig. 5C). Coculture of infected DCs with
activated CD4" T cells and PI (at a concentration that com-
pletely blocked spreading infection in the PBMCs) resulted in
a 2-log-unit increase in the levels of msRNA production, con-
sistent with upregulation of viral expression in the DCs, pos-
sibly induced by CD40-CD154 interactions (17, 51).

DISCUSSION

In this study we demonstrated that entry of HIV into blood
DCs ex vivo occurs much more frequently than in any other
blood leukocyte population. Although both DCs and resting
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FIG. 5. Low levels of msRNA in infected DCs is increased during
cognate interactions with CD4 T cells. (A and B) Sorted DCs and
SEB-activated PBMCs (aPBMC) were infected with RS virus HIV-
1aps (A) or HIV-1Bal (B). HIV-1 viral DNA was measured by real-
time PCR, and multiple spliced RNA (MsRNA) was measured by
reverse transcription and quantitative real-time PCR. (A) The mean
(plus standard deviation [error bar]) numbers of copies of HIV-1 DNA
and msRNA per 10° cells following 24 to 48 h in culture are shown with
the ratios of copies of msRNA to HIV-1 DNA shown above the
histograms (n = 3). mMDDC, MDDCs matured with tumor necrosis
factor for 48 h; MDDC, monocyte-derived DCs. (C) Sorted cells were
infected with HIV-1,p4, and msRNA was quantified over 3 days
postinfection. DCs were cultured alone or were treated with the pro-
tease inhibitor indinavir (PI) immediately after infection and during
culture with CD4" T cells activated with superantigen SEB. PI was
added to prevent spreading infection in the DC-T-cell cocultures.
Spreading infection was blocked by the addition of PI to HIV-1 in-
fected PBMCs, as shown by the reduced level of msRNA after 24 h.
The addition of CD4™ T cells resulted in increased levels of msRNA
in the DCs at all time points from 24 h.

CD4™" T cells could be infected at low frequencies with R5 and
X4 viruses, there was increased permissiveness to infection in
DCs by RS isolates. Infection of DCs with RS virus was asso-
ciated with the ability of these DCs to transfer infection to T
cells. There was a strong correlation between the ability of an
HIV-1 isolate to use CCRS5 and the ability to infect DCs.
Multiply spliced RNA was found at low level in the uncultured
DCs infected ex vivo but increased during cognate interactions
with CD4" T cells and superantigen. Taken together, these
observations suggest that RS HIV-1 and not X4 HIV-1 is able
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to infect resting DCs in situ and may contribute to selective
transmission of RS viruses following parenteral infection.

These observations differ significantly from the MDDC
model of DC-T-cell interactions where DC-SIGN and C-type
lectin receptors have been considered critical for HIV-1 up-
take and transfer from an intracellular endosomal compart-
ment to CD4™ T cells during a cognate interaction (20, 38). A
pivotal role of DC-SIGN in both the uptake of HIV-1 and
formation of the immunological synapse into which the carried
virion is exocytosed (45) has been proposed, but DC-SIGN
expression is not found on primary blood DCs (69) or LCs (64)
but is restricted to dermal DCs (71) in skin and occurs pre-
dominantly on macrophages in lymph nodes (22). Further,
DC-SIGN is not required for DC-T-cell interactions (22).

We have shown that HIV-1 transfer in MDDCs occurs in
two phases with a second infectious transfer phase; the first
phase of transinfection decays rapidly and is followed by a
second phase consistent with infection. The infectious pathway
of transfer is the dominant process after 24 h (70). Although
transinfection occurs with both RS and X4 viruses, only RS
virus replicates in immature MDDCs (24). During MDDC
maturation, however, there is increased susceptibility to both
X4 and RS viruses (24), and like macrophages, prolonged virus
production can occur (55). Preferential infection with RS virus
also occurs in immature DCs generated from CD34™" cells (1,
7). DCs develop from CD34" cells via two pathways; the
CD1a™ precursors of LCs and a CD14™ precursor of intersti-
tial DCs (8). The CD14™ DC precursors are permissive for
infection with RS virus, but reduced production occurs follow-
ing differentiation into immature DCs (37). Restriction to RS
infection has been found in CD34-derived LCs (62).

Blood DCs are a heterogeneous population of cells circulat-
ing from bone marrow to tissue. They include cells that will
give rise to LCs and interstitial DCs. Up to five populations
have been identified (43), but the two predominant subpopu-
lations found using the protocol we have used to isolate DCs
are CD11¢™ CD123™ pDCs and CD11¢™ mDCs. Other pop-
ulations include CD14" monocytes, CD16* DCs, and CD34™
precursors which may include CD34" CLA™ precursors of
LCs. As shown in this study, sorted CD14* and CD16" mono-
cytes were less frequently infected with HIV-1 than were the
mDCs and pDCs. In this study we have used lin~ DCs that will
exclude the CD16" DCs but include most of the myeloid DC
subpopulations defined by BDCA1 and BDCA3 and different
levels of HLA-DR expression (25). We have also sorted for
individual pDC and mDC subsets. However, these subsets may
also be heterogeneous, as has recently been shown for the
CDlc-expressing mDCs (25).

Primary blood pDCs and mDCs, in contrast to immature
MDDCs or tissue DCs, do not express DC-SIGN or other
CLR-binding HIV (69), so transfer of HIV-1 will depend on
direct infection or uptake and transfer by non-CLR-mediated
mechanisms. Early work on blood DCs sorted after culture
found that both X4 and RS viruses could infect DCs and were
transferred to T cells (6, 16). The phenotype of these cells (18)
will be similar to the phenotype of the cells obtained after
prolonged culture in the presence of virus. In this study we
found such prolonged culture associated with transmission of
both X4 and RS virus. More recently, blood DCs have been
isolated directly from PBMCs with minimal culture (42, 50, 63)
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and were permissive for infection with both X4 and RS viruses.
These studies differ from the present study, as DCs were cul-
tured with virus for up to 18 h (50) or used a short 12-h
preincubation in cytokines followed by HIV-1 infection for 6 to
72 h (42, 63). These culture conditions would lead to significant
changes in blood DCs, although an immature CD1c* mDC
subpopulation may be preferentially infected and remain im-
mature (25). We found higher entry into the CD11c™ pDCs
after prolonged HIV-1 exposure, in keeping with previous
work (50), but found similar frequency of infection with RS
into the pDCs and mDCs after a short virus pulse. We have
interpreted this difference in viral selection following infection
for 2 and 18 h as a reflection of the predominance of CCRS on
the immature cells (39). In the context of immature DCs that
have efficient antigen-processing pathways, we propose that
there is a rapid loss of cell-associated infectious virions in
primary DCs as we have demonstrated in MDDCs (70). This
will result in a preferential survival of HIV-1 that can use
CCRS. In cultured cells where CXCR4 is also expressed, both
X4 and RS viruses will be able to escape from the less efficient
degradation in the DCs via an infectious pathway or by seques-
tration in specific endosomal compartments.

Our study is the first to quantitate entry into different blood
leukocytes and unfractionated PBMCs under conditions of
minimal culture and short virus exposure that would mimic the
exposure in intravenous drug use or blood products. The high-
est frequency of viral DNA was found in DCs, but later, viral
DNA was also found in DC-T-cell clusters. More mature DCs
that are susceptible to HIV-1 infection may cluster directly
(73), but we found that the overall frequency of infection in
individual sorted pDCs and mDCs was higher than in the
CD3" DR™ DC-T-cell clusters. Further, we found that incu-
bation with a PI did not alter the frequency of HIV-1 in
clustering cells,suggesting that at least up to 36 h, there was no
transfer or productive infection in the clustered cells. Cell
clustering is an important function of DCs and at later time
points may significantly contribute to DC-mediated HIV-1
transmission and replication as shown with skin emigrants (53)
and mature blood DC cultures (5, 42).

Our data reinforce the critical role of DC maturation in the
process of HIV-1 selection and productive infection. The un-
cultured blood pDCs and mDCs are selectively infected with
RS virus similar to the immature DCs in epidermis (56) and
uncultured tonsil and thymic DCs (4). Neither tonsil nor blood
DC subpopulations bind gp120 by CLR, so binding of gp120
and virus is completely dependent on CD4 (69).

Separate pathways of carriage and infection have been
shown in LCs (2) that can bind gp120 via a range of C-type
lectin receptors (71). However, the ability of CLR pathways to
mediate virus carriage appears to be limited to DCs in skin and
mucosal sites, but even here strong selection for RS virus is
seen with skin explants (32, 34, 56), arguing for a predomi-
nance of the second phase transfer (70). The high antigen-
processing capacity of immature DCs and the changes during
maturation have been well defined (46). Without CLR to fa-
cilitate viral sequestration in nonproteolytic compartments
(38), the infectious pathway is the only mechanism for viral
escape from uptake into potent degradative pathways present
in immature DCs (57, 58). Preferential R5 infection may also
depend on the efficiency of using CCRS, the predominant



VoL. 81, 2007

chemokine receptor on immature DCs (39). In contrast, cul-
tured DCs will have a wider repertoire of chemokine receptors
(23, 74) as well as reduced endosomal uptake and antigen
processing.

Our data support infection of immature blood DCs and not
transfer of virus by transinfection as the predominant method
of selection of RS virus during parenteral transmission. It is
likely that the pathway of preferential infection of DCs in situ
provides both for selection for RS virus and for dissemination
of infection to peripheral tissue and lymphoid tissue early in
HIV infection.
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