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Abstract

The rate and efficiency of key steps in the life cycle of the
human immunodeficiency virus type 1 was examined in three
primary cell types, T cells, monocytes, and T helper dendritic
cells using the same quantity of virus involved and same cell
number. The results show that viral DNA synthesis proceeds
much more rapidly and efficiently in primary T helper dendritic
cell populations than in primary T cell and monocyte popula-
tions. The increased rate of virus DNA synthesis is attributable
either to an increase in the efficiency and the rate of uptake of
the virus particles by the T helper dendritic cells, as compared
with that in other cell types, or to an increased efficiency and
rate of viral DNA synthesis in the T helper dendritic cells. In
the subsequent phase of viral expression the appearance of
spliced viral mRNA products also occur more rapidly in cul-
tures of primary-blood—-derived T helper dendritic cells than is
the case in primary T cells and monocytes. The increased effi-
ciency of the early steps of HIV-1 replication in primary-
blood-derived T helper dendritic cells than in other blood-de-
rived mononuclear cells raises the possibility that these cells
play a central role in HIV-1 infection and pathogenesis. (J.
Clin. Invest. 1993. 91:2721-2726.) Key words: polymerase
chain reaction ¢ reverse transcription ¢ integration » monocytes *
T cells

Introduction

The human immunodeficiency virus type 1 (HIV-1) has been
shown to infect several different cells of hematopoietic origin,
including CD4* T cells, monocytes, macrophages, and circu-
lating T helper dendritic cells. The cells most susceptible to
infection by low titers of virus in culture are blood-derived T
helper dendritic cells. These cells can be infected by low con-
centrations of both primary and laboratory strains of HIV-1
(1). Once infected, the T helper dendritic cells produce signifi-
cantly more infectious virus per cell than do infected cultures
of primary CD4* T cells and monocytes and macrophages (1).
The high level of virus produced by purified populations of
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primary dendritic cells is remarkable as these cells are termi-
nally differentiated and do not proliferate in culture. Several
studies show that the fraction of blood-derived mononuclear
cells containing T helper dendritic cells purified from the blood
of HIV-1 infected patients contain significant amounts of HIV-
1 viral DNA (2-4) although contamination from other cell
types is a possibility (5).

The experiments presented here address the question of the
relative speed and efficiency of early steps in the virus life cycle,
synthesis of virus DNA in the newly infected cells, and produc-
tion of spliced viral messenger RNA.

Methods

Isolation and infection of primary leukocytes. Purified-blood—derived
T helper dendritic cells were isolated as described (1, 6, 7). Briefly,
unfractionated PBMCs from blood donor buffy coats were depleted for
monocytes and T cells by density separation on Percoll gradients and
by rosetting with neuraminidase-treated sheep erythrocytes. The re-
maining leukocyte fraction was enriched for dendritic cells by a second
reflotation on Percoll gradients after 2 d of culture, and further de-
pleted of contaminating monocytes by Fc panning on IgG-coated
dishes and of residual lymphocytes by panning with monoclonal anti-
body to CD45RA (1, 7). This procedure yields a population of cells
that are estimated to be at least 75%+7% pure as previously published
(1) and comparable with other reports (7). They are CD3~, CD14",
CD20", and strongly DR* as determined by FACS® analysis (not
shown ) and by immunoperoxidase staining of cytocentrifuged prepara-
tion of dendritic cells (1). T cells (high density, E rosette positive cells)
and monocytes (low density, E rosette negative cells) were isolated as
described (1, 6). Briefly, T cells are high density cells separated by
Percoll gradient centrifugation (6) and further purified by rosetting
with neuraminidase-treated sheep red blood cells (SRBC) (6). This
procedure yields > 96% pure T cells as determined by immunostaining
(1). Monocytes are low density cells from Percoll gradient centrifuga-
tion depleted of contaminating T cells by rosetting with neuramini-
dase-treated SRBC (1). During the total isolation procedure all leuko-
cyte isolates were cultured for the same time period in growth medium
of RPMI 1640 with 10% FCS and antibiotics without exogenous stimu-
lation. Before virus inoculation all primary cells were plated at 200,000
cells per well (24 well plates, Nunc, Roskilde, Denmark ) and exposed
overnight to growth medium with 20% PHA-conditioned medium (6).
Virus inoculation (0 h) was done in parallel for all cultures with 100 ng
of p24 per culture. The culture medium was completely exchanged 4 h
after virus exposure and immediately before cell harvest of cells for the
first time point (6 h). At all time points the cells were harvested and
washed once in cold PBS. The cell pellets were then resuspended in 150
ul PCR lysis buffer as described, vortexed briefly, and incubated at
37°C for 1 h with proteinase K as described (5). For PCR limiting
dilution studies lysates from 3000, 300, 30, 3 cell equivalents of den-
dritic cells, T cell and monocytes were used in parallel reactions. The
conditioned medium is used as a source of lymphokine enriched me-
dium to maintain cell viability (6, 8). Blocking with soluble CD4 10
ug/ml; (American Bio-Technologies, Cambridge, MA) was done as
previously described (9, 10). [*H] Thymidine incorporation of 25,000
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cells was done overnight in flat bottom 96 well plates (Nunc) exposed
to 1 uCi [*H]thymidine/well (6).

Jurkat cell lines were obtained from the National Institutes of
Health AIDS Research and Reference Reagent Repository. MT-2 and
HO cells were donated by Dr. W. Marshall. The IIIB viral strain of
HIV-1 was obtained from culture supernatants of virus-infected Jurkat
cell cultures at maximum syncytium formation. Titered virus stocks
were stored at —70°C in 50% fetal calf serum until use.

RNA isolation and cDNA synthesis. Isolation of total RNA was
according to Chomczynski and Sacchi (11). Generation of cDNA was
done as described previously (12). First strand cDNA synthesis was
primed using antisense primer: TGAGCAAGCTAACAGCAC (posi-
tions 8669-8652, antisense, see below ) using Promega cDNA Synthesis
System (Promega; Madison, WI) according to the instructions. The
concentration of primer was 5 X 107% M.

Polymerase chain reaction, primers, and probes. Oligonucleotide
primers were synthesized on a synthesizer (Applied Biosystems, Inc.,
Foster City, CA). The primers were designed to detect early, interme-
diate, and late DNA species of the HIV reverse transcription process.
With small modifications the position of primers corresponds to those
used by Zack et al. (13). The primer sequences and nucleotide posi-
tions correspond to the convention in the HIV database of the HXB2
virus (Los Alamos National Laboratory, Los Alamos, NM). Primer
pairs for detection of early (primers 1 and 2, Fig. 1) viral DNA:
(“AAS5): CTGCTAGAGATTTTCCACAC (positions 635-616, anti-
sense) and (“M667): CTAACTAGGGAACCCACTG (positions
498-516, sense). Intermediate (primers 4 and 5, Fig. 1) viral DNA
synthesis: (“M666”): TGAGGGCTCGCCACTCCC (positions 417-
399, antisense). (“M665”): ACCCTGTGAGCCTGCATGG (posi-
tions 208-226, sense). Late (primers 1 and 3, Fig. 1) viral DNA synthe-
sis: (“M661”’): TCCTGCGTCGAGAGAGCTC (positions 693-675,
antisense). (“M667,” sense, see above). Primers to detect human 8
globin (13) were ACACAACTGTGTTGTTCACTAGC (positions
117-136, sense) and CAACTTCATCCACGTTCACC (positions 226-
207, antisense).

Another set of primers were constructed to detect doubly spliced
viral mRNA species: TGAGCAAGCTAACAGCAC (positions 8669-
8652, antisense); AAGCGGAGACAGCGACGA (positions 5980-
5997, sense). Isolation and amplification of viral DNA was done as
previously described (5), The cDNA reaction products were used for
PCR following boiling for 2 min.

An HIV-env specific oligonucleotide probe was end-labeled
with 2P: GTCTGACTGTTCTGATGAGCTCTTCGTCGC (posi-
tions 6020-5090 antisense). An oligonucleotide probe was constructed
to identify the specific 8-globin amplification products: AAACAG-
ACACCATGGTGCACCTGACTCC (positions 143-170, sense ) (14).
For detection of viral long terminal repeat (LTR) specific sequences
two oligonucleotide probes were used: CTAGCAGTGGCGCCCGAA-
CAGG, (positions 628-650, sense )and CAATAAAGCTTGCCTTGA-
GTGC (positions 526-547, sense).

Southern blotting and sequencing of PCR amplification products.
Southern blotting was done according to standard procedures (15).
Briefly, PCR fragments were separated on 12.5% polyacrylamide gels
and visualized after ethidium bromide staining. The gels were soaked
in 0.5 N NaOH/1.5 M NaCl for 15 min, neutralized using 0.5 M Tris
pH 7.5/1.5 M NaCl, and electroblotted onto Gene Screen nylon mem-
branes. Electro-transfer equipment (Bio Rad Laboratories, Cambridge,
MA) was used at 35 mA overnight in 2X Tris-buffered EDTA. Filters
were UV illuminated, prehybridized, and hybridized as above except
that formamide was replaced by 5% SDS in H,O. Stringent wash for 28
mer oligonucleotides was 3X SSC and 54°C and for shorter probes (22
mer) 3X SSC and 48°C.

Two PCR products generated by primers for detection of late tran-
scripts (“M667” /“M661”") were excised separately from a low melting
point 2.5% agarose gel and phenol/phenol/chloroform extracted, eth-
anol precipitated. The purified PCR products were sequenced with an
automated DNA sequencer (737A; Applied Biosystems) using dye la-
beled dideoxyterminator.
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Results

Formation of viral DNA in fractionated primary blood mononu-
clear cells. The conversion of viral RNA to DNA occurs in the
cytoplasm of newly infected cells. Synthesis of the viral DNA
depends on successful virus binding and entry. To determine
the relative rate of conversion of viral RNA to DNA in purified
primary blood mononuclear populations, nucleic acids were
isolated from newly infected populations of blood-derived T
helper dendritic cells, T cells, and monocytes infected with 100
ng of p24 equivalents of the IIIB strain of HIV-1. The presence
of early, intermediate, and late products of DNA synthesis reac-
tions were detected 6, 18, and 42 h after virus challenge using
the PCR method adapted from that described by Zack and
co-workers (13).

The three primer pairs used for this analysis are shown in
Fig. 1. The primer pair (1 and 2) is used to detect early reverse
transcribed DNA complementary to the U5 (U5/R) region of
the viral RNA. The initial DNA fragment made is copied from
the U5 and R sequences at the 5’ end of the viral RNA. The
second primer pair (4 and 5) detects intermediate DNA com-
plementary to the RNA U3 sequences. The late products were
detected using a third primer pair (1 and 3) that amplifies
sequences complementary to the viral RNA between the U5
region and the 5' coding sequences (LTR/gag) of the viral
RNA. DNA from this region is not made until the polymerase
completes a copy of the entire viral RNA.

The experiment displayed in Fig. 2 and summarized in Ta-
ble I shows that by ethidium bromide visualization early DNA
transcripts appear by 6 h after infection of dendritic cell cul-
tures. At this time evident early transcripts are weak or absent
in infected T cells and monocyte cultures. The early transcripts
are first strongly detected 18 h after infection in the T cell
cultures. Little signal corresponding to DNA from this region is
detectable in monocytes 42 h after infection.

Intermediate and late DNA transcripts can be detected in
extracts of infected dendritic cells 18 and 42 h after infection,
respectively. Intermediate DNA species do not appear in cul-
tures of T cells until 42 h after infection and do not appear
before 42 h in cultures of monocytes. Full-length transcripts
are first detected in the infected dendritic cells by 42 h after
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Figure 2. Detection of HIV-1 DNA in dendritic cells, T cells, and monocytes at 6 h (lanes 1, 4, 7), 18 h (lanes 2, 5, 8), and 42 h (lanes 3, 6, 9).
In one experiment the same DNA amount (300 cells) from primary T helper dendritic cells, T cells, and monocytes were subjected to 30 PCR
amplification cycles using primers specific for R/U5 (1 and 2) for early transcripts (137 bp), U3 (4 and 5) for intermediate transcripts (209 bp),
and LTR /gag (1 and 3) for complete transcripts (196 bp). The arrow indicates the predicted reaction products. A faint amplification product
shorter than the 196 bp complete transcript was detected. Both were sequenced, and the 196 bp product was identical to the predicted amplifi-
cation product. The faint shorter product contained sequences of nonspecific amplification products.

infection. Full-length DNA molecules present in extracts of
monocytes are not detectable by 42 h after infection. The data
shown are representative of two independent infection experi-
ments done using different donor cells. PCR signals produced
in extracts of SupT cells chronically infected with the IIIB iso-
late serve as controls in these experiments.

To obtain a more accurate comparison of the quantitative
difference in the efficiency and rate of formation of viral DNA
in the different cell types, we amplified PCR products in one set
of experiments by limiting dilution of cell lysates of 3000, 300,
30, and 3 cells of each of the three cell types. The experiment
(not shown) confirms that early, intermediate, and late tran-
scripts appear more rapidly in infected dendritic cell cultures at
1:10 (300 cell equivalents) and 1:100 (30 cell equivalents) cell
lysate dilution than is the case for infected T cell and monocyte
cultures. At the highest dilution (3 cells) no products were
amplified. This experiment was done twice with similar results.

In a second set of experiments the origin of the products
amplified by the primer pair designed to detect full-length
DNA transcripts was examined in more detail. For this analy-
sis, extracts of infected dendritic cells, T cells, and monocyte
cell cultures were used 6, 18, and 42 h after infection. The DNA

Table I. Kinetics of HIV-1 Reverse Transcription
in Primary Leukocytes

6h 18h 42h
Early Dendritic cells +++ +4++ T
transcripts T cells (+) ++ +++
Monocytes +) +) +)
Intermediate Dendritic cells + +++ +++
transcripts T cells - - ++
Monocytes - — -
Complete Dendritic cells - ++ 4+
transcripts T cells - + ++
Monocytes - - +
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in an aliquot of extract corresponding to 300 cells was incu-
bated with the primer pair designed to detect full-length DNA
transcripts. The products of the amplification reaction were
transferred to nylon filters. Two radioactive oligonucleotide
probes corresponding to the long terminal repeat region of the
HXB2 provirus were used to detect these sequences (Fig. 3).
Coamplification with primers for the S-globin gene was per-
formed in the same reactions to normalize for variations in
target DNA content. This reaction was probed using a radioac-
tive DNA oligonucleotide complementary to the S-globin
gene.

Fig. 3 shows that using a more sensitive Southern blotting
technique, the HIV-1 DNA probe detects abundant PCR am-
plification products in extracts of the infected dendritic cell
culture. The corresponding signals of the PCR amplifications
of infected T cells and monocytes are much weaker, but com-
plete transcripts that were not visible by ethidium bromide
staining (Fig. 2) can now be detected in T cells at 18 h in
monocytes at 42 h. The signal corresponding to the amplified
B-globin DNA is comparable in all the reactions. The experi-
ment confirms that the PCR amplified products identified by
ethidium bromide staining of the agarose gels correspond to the
expected HIV-1 sequence. The experiments also demonstrate
that full-length viral DNA is more abundant in infected den-
dritic cell cultures 48 h after infection than they are in infected
T cell and monocyte cultures when normalized for 8-globin.
The experiment was repeated five times with similar results. In
one of those experiments the appearance of late transcripts was
completely blocked in dendritic cells, Jurkat cells, and primary
T cells by preincubation of the HIV-1 virus with 10 ug/ml
soluble CD4 (American Bio-Technologies) before challenge
(not shown). [*H]Thymidine incorporation at 24 h/48 h of
25,000 dendritic cells was 1500 cpm/2900 cpm compared with
that of 25,000 H9 cells (145,000 cpm/241,000 cpm), 25,000
MT-2 cells (187,000 cpm/ 242,000 cpm), or 25,000 Jurkat cells
(84,500 cpm/ND).

The measurement of viral mRNA in dendritic cells. To mea-
sure the onset of synthesis of new viral RNA in the infected cell
cultures, an experiment was designed to detect spliced mRNA
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Figure 3. Southern blot of PCR amplified late transcripts (LTR /gag)
coamplified with 8-globin specific primers. Oligonucleotide probes
for detection of viral and B-globin sequences are described in Methods.

transcripts. Several studies show that the first RNA products
detected upon infection of CD4* T cells are multiply spliced
mRNAs (16-18). For this reason RNA was purified from in-
fected blood-derived T cells, monocytes, and T helper dendritic
cell cultures 6, 18, and 42 h after infection. DNA complemen-
tary to the mRNA was made by using a DNA primer that
recognizes a sequence in the nef region near the 3’ end of the
viral RNA. All virus spliced HIV-1 mRNAs share acommon 3’
terminus that includes this sequence. The cDNA was amplified
using a primer pair that flanks the major 5’ and 3’ splice sites
within the 3’ half of the genome (Fig. 4). Use of this primer pair
permits discrimination of signals produced by full-length vi-
rion RNA from those produced by spliced RNA products. The
data of Fig. 5 4 show that an amplified DNA product of the
length predicted to be made from the spliced tat, rev, and nef
mRNAs (357 nucleotides) is evident in RNA extracted from
dendritic cells 18 h after infection. The identity of this DNA
product was examined by Southern blotting after transfer of
the DNA to a nylon filter and detected using a radioactive
DNA probe complementary to the first exon of zat, rev, and nef
(Fig. 5 B, Table II). This experiment (Fig. 5 B) shows that the
amplified DNA product is of viral origin. No amplified product
of this length was detected in RNA prepared from infected T
cells and monocytes 42 h after infection. A similar amplified
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Figure 5. (A) Detection of spliced mRNA products for tat, rev, and
nef in dendritic cells, monocytes, and T cells at 6 h (lanes 1, 4, 7),
18 h (lanes 2, 5, 8), and 42 h (lanes 3, 6, 9) specific PCR primers for
spliced mRNAs. The ethidium bromide stained 2% agarose gel shows
the predicted 357 bp reaction products. cDNA from infected and un-
infected Jurkat cells were used as controls. ( B) Detection of the am-
plified DNA products with a radioactive oligonucleotide probe (GTC-
TGACTGTTCTAATGAGCTCTTCGTCGC).

DNA product was detected when extracted RNA was reverse
transcribed from SupT1 cells chronically infected with the IIIB
strain of HIV-1.

Discussion

The experiments described here demonstrate the sensitivity of
primary blood derived dendritic cell cultures to support replica-
tion of HIV-1. This can be attributed, at least in part, to the
efficient uptake of virus particles and/or to early synthesis of
the full-length viral DNA. The production of detectable
amounts of early, intermediate, and late transcripts of viral
DNA occurs much more rapidly in the dendritic cell cultures
than it does in infected primary T cells and monocytes. Use of
the dendritic cell population at relatively low dilutions by limit-
ing dilution minimizes possible contribution to the PCR sig-
nals obtained from a few contaminating T cells, monocytes, or
B cells in the population. Additionally, primary B cells are not

Table I1. Detection of Spliced mRNA Products for tat, rev, and nef
in Primary Leukocytes

iy Y
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Figure 4. Position of primers for detection of spliced tat, rev, and nef
HIV-1 mRNA products.
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6h 18h 42h
All spliced Dendritic cells +) ++ ++++
mRNA products T cells - - )

of tat, rev, nef Monocytes - - -




reported to be productively infected by HIV-1 (19-22). The
experiments also show that conversion of the viral RNA to
DNA is more efficient and more rapid in primary T cell popula-
tions than it is in primary monocytes. The delayed appearance
of complete transcripts in monocytes as compared with those
in T cell cultures is consistent with recent reports (23). Though
the IIIB strain in previous studies has been shown to infect
monocytes (24) the high diversity of the biological properties
by different strains of HIV-1 makes it possible that other strains
may behave differently from the IIIB strain in this respect. In
recent studies complete transcripts have been detected as early
as 6 h after infection in 3-d PHA stimulated PBL cultures (25).
In our experience and consistent with published studies (25)
the kinetics of appearance of viral transcripts is much in-
fluenced by the prestimulation culture conditions. Thus, in our
culture system complete viral transcription is significantly facil-
itated after 2-3 d of culture (not shown) as compared to over-
night culture used in the present study.

There are two possible explanations for the observation
that viral DNA transcripts appear more rapidly in dendritic
cells than they do in T cells and monocytes. The process of
virus particle binding and entry may be much more efficient
for primary blood dendritic cells than it is for other cell types. If
this is the case, the virus entry must be rapid and efficient
despite the relatively low number of CD4 receptors present on
the surface of the dendritic cells (3). The abundance of CD4 on
the surface of the purified dendritic cell population is much
lower than it is on the surface of CD4* T cells. Postbinding
events that facilitate virus entry must then be much more effi-
cient in the purified dendritic cell population than in CD4* T
cells. Alternatively, the synthesis of viral DNA in the cytoplasm
of the dendritic cell may be more efficient and more rapid than
it is in other cells.

Recent studies have suggested that unstimulated blood den-
dritic cells are highly effective in supporting rapid viral uptake
but have little or no capacity to support complete viral tran-
scription but nevertheless transmit the infectious virus particles
to surrounding T cells (26). An alternative explanation of our
observation would be that dendritic cells support efficient virus
uptake but have a remarkable potential to boost HIV-1 produc-
tion from a few contaminating cells even in the absence of
DNA synthesis or cell division since irradiated cultures are pro-
ductive (1). Our results (not shown) and other studies find in
any case little or no viral replication as measured by protein or
DNA in dendritic cells (26 ) or other primary cell isolates (25)
cultured without an exogenous source of cytokines.

The early appearance of complete viral DNA transcripts
and RNA products infected dendritic cell cultures is notable.
Under the conditions used for these experiments, dendritic cell
cultures do not incorporate significant amounts of thymidine
(27). It is reported that complete reverse transcription fails to
occur upon infection of resting populations of primary T cells
(25). This observation notwithstanding, replication of retrovi-
ruses in nondividing cell populations has been observed previ-
ously (28). Replication of Rous sarcoma virus-induced cell
transformation occurs without cell division in chick embryo
cultures treated with cytosine arabinoside or vinblastine (29,
30). The visna retrovirus replicates well in nondividing popula-
tions of sheep choroid plexus cells (31), and HIV-1 replication
occurs in gamma irradiated leukocytes (1, 19, 28, 32). Pre-
vious experiments with our dendritic cell cultures showed that
HIV-1 replication continued following gamma irradiation

Early Molecular Replication of HIV-1 in T Helper Dendritic Cells

doses that blocked host cell DNA replication and cell division
(1). Preliminary experiments demonstrate that HIV-1 geno-
mic integration occurs in cultures of blood dendritic cells as
determined by Southern blotting (E. Langhoff, K. H. Kalland,
W. A. Haseltine; not shown ). This is consistent with the emerg-
ing realization that lentiviral integration and replication is not
dependent upon host cell DNA synthesis and cell division.
Thus, HIV-1 productively infects monocytes and macrophages
albeit less productively than primary T cells (1). Very recently
two studies have confirmed integration in nondividing mono-
cytes and G, arrested HeLa cells (28, 32).

Spliced viral RNA products also appear earlier in infected
primary T helper dendritic cells than in infected primary T
cells and monocytes. The relatively early appearance of spliced
mRNAs in the T helper dendritic cell populations may also be
a consequence of the increased efficiency of the early steps of
the life cycle, including synthesis of the viral DNA. It is also
possible that initiation of transcription of viral RNA is more
efficient in primary dendritic cells than it is in most other cell
types. Katajima et al. have recently observed in HIV-1 infected
individuals preferential expression of tax/rex mRNA of (Hu-
man T Lymphocyte Virus-1) attributed to non-T cell virus
infection in articular lesions where dendritic cells are abundant
(33). Macatonia et al. have observed 0.4-5.1% of blood den-
dritic cells from patients with tropical spastic paraparesis in-
fected with Human T Lymphocyte Virus-1 as determined by in
situ hybridization (34).

It is observed that the HIV-1 promoter activity is strongest
in the skin Langerhans cells in transgenic mice which carry the
HIV-1 promoter integrated into the germ line (35). The skin
Langerhans cells are thought to be closely related to the blood-
derived T helper dendritic cells (36). The observation that pri-
mary blood dendritic cell cultures efficiently convert viral
RNA to DNA upon exposure to virus and that subsequent
steps of the virus life cycle are also supported as well as the
observation that these cells are not killed by virus infection per
se, raises the possibility that primary infections that result from
exposure of mucus membranes to virus or virus infected cells
results in initial infection of cells of the Langerhans/dendritic
cell lineage. Infected Langerhans and dendritic cells may in
turn serve as a source for infection of T cells both in the blood
and lymphatic system by uptake and transmission of virus but
also serve as reservoirs for virus infection.
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