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Human immunodeficiency virus type 1 (HIV-1) transmission results from infection with one or a small number of variants from
the donor quasispecies. Transmitted/founder (T/F) viruses have recently been identified from acutely infected patients, but the
way in which they interact with primary targets of HIV-1 infection is poorly understood. We have conducted a biological charac-
terization of a panel of subtype B T/F acute and chronic envelope (Env)-expressing chimeric virus in primary human target cells
and mucosal tissues. Both acute and chronic Envs preferentially replicated in peripheral blood mononuclear cells (PBMC) and a
CD4 T-cell line compared to monocyte-derived macrophages, or dendritic cells (DC). In a model of trans infection from mono-
cyte-derived dendritic cells to T cells, chimeric virus from acute Envs achieved significantly lower titers compared to chronic
Envs. Challenge of primary human mucosal tissues revealed significantly higher levels of replication in chronic Env-expressing
virus in rectal tissue compared to cervical and penile tissues and enhanced replication in tonsillar tissue relative to acute Envs. In

agreement with data from the DC to T-cell trans infection assay, chronic Env-chimeric virus pools were transmitted more effi-
ciently by migratory cells from cervical and penile tissues to CD4* T cells than individual acute Env chimeras. These data indi-
cate that virus with HIV-1 Envs of transmitted acute infections preferentially replicate in T cells rather than macrophages or
dendritic cells and are less efficiently transmitted from antigen-presenting cells to CD4 T cells than chronic Envs. Such proper-
ties together with chemokine (C-C motif) receptor 5 (CCR5) use may confer an advantage for transmission.

he most common route of human immunodeficiency virus

type 1 (HIV-1) transmission worldwide is by sexual inter-
course (1). Identification and phenotypic characterization of
transmitted and early founder virus may be pivotal in effectively
targeting vaccine responses against the earliest event in mucosal
HIV-1 infection. Previous studies have sought to identify and
characterize the virus envelope in early phase HIV-1 infection, as
it mediates entry into susceptible target cells, and as such is a
common target for vaccine design. Characterization of env genes
found early after infection has yielded conflicting results. Most
groups have found evidence of limited diversity in envelope re-
gions soon after infection, in patients prior to seroconversion (2),
in recent seroconverters (3), and in mother-to-child transmission
(4), suggesting there is a significant bottleneck leading to trans-
mission of only one isolate or a small number of isolates. Despite
contradictory evidence showing HIV-1 heterogeneity in envelope
sequences from early heterosexual and homosexual transmission
(5, 6), the extremely limited diversity of clones isolated close to
transmission is in stark contrast to the high genetic diversity and
swarm of HIV-1 clones found in later chronic disease. Longitudi-
nal analysis of the V3 envelope region shows continual increases in
HIV-1 genetic diversity during asymptomatic disease from just
one or a few transmitted HIV-1 clones (7). Conflicting observa-
tions on the relative number of HIV-1 clones observed after the
transmission bottleneck may be due to the mode of transmission,
time of sample collection (up to 6 months postinfection), and the
source of viral nucleic acids (either from plasma or peripheral
blood mononuclear cells [PBMC]). The technique employed to
characterize the sequences may also influence results; for example,
PCR, cloning, and sequencing may result in Tag-induced PCR
errors, and nonproportional representation of target sequences,
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whereas heteroduplex tracking assays do not generate sequence
information for phylogenetic analysis (8).

Recent work utilizing single-genome amplification (SGA) to
examine HIV from plasma viral RNA (vVRNA) and direct sequenc-
ing of uncloned envamplicons has allowed transmitted virus to be
enumerated in acutely infected patients. The stage of disease was
classified in these patients using Fiebig stages, which classify
phases of acute infection according to diagnostic tests for viral
RNA and proteins (9). Data from 102 patients demonstrated that
76% of patients acutely infected with subtype B HIV-1 strains are
infected with a single virus, while the remainder are infected with
2 to 5 isolates (8). Examination of env genes in subtype A and C
transmission pairs (discordant couples) found that 18/20 (90%)
were infected with a single isolate and that when multiple variants
were transmitted, this was associated with genital inflammation in
the newly infected partner (10). The SGA approach has also high-
lighted factors that influence transmission of multiple variants;
36% of a cohort of men who have sex with men (MSM) were
infected by multiple variants, with the number of virus transmit-
ted being between 2 and 10 (11). Despite these numerous studies
describing limited genetic diversity of transmitted HIV-1, little is
known about possible enhanced tropism for mucosal tissue, rep-
lication dynamics, or other phenotypic properties of the transmit-
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TABLE 1 Acute and chronic Env-chimeric viruses

Tropism and Dissemination of Transmitted HIV-1

Virus ID* Patient designation Infection group Gender” Transmission® Phenotype HIV-1 subtype
Bl 1054.TC4.1499 Acute M SPD R5 B
B2 6244 _13.B5.4576 Acute M SPD R5 B
B3 PRB926_04.A9.4237 Acute ? SPD R5 B
B4 WEAUd15.410.787 Acute M MSM X4/R5 B
B7 SC05.8C11.2344 Acute M Heterosexual R5 B
B8 1059_09.A4.1460 Acute M SPD R5 B
B9 6240_08.TA5.4622 Acute M SPD R5 B
B14 SC45.4B5.2631 Acute M Heterosexual R5 B
B17 REJO.D12.1972 Acute M Heterosexual R5 B
B19 700010040.C9.4520 (CHO040) Acute M MSM R5 B
B20 63358.p3.4013 Acute ¢ SPD R5 B
C1 110 Chronic M MSM R5 B
C2 217 Chronic ? ? R5 B
C3 801 Chronic ? ? R5 B
C4 K44 Chronic M MSM R5 B
C5 Qo0 Chronic M MSM R5 B
C6 9 Chronic ? ? R5 B
C7 11 Chronic ? ? R5 B
C8 17 Chronic ? ? R5 B
C9 18 Chronic ? ? R5 B
C10 24-2 Chronic ? ? R5 B
Cl1 27 Chronic ? ? R5 B
C12 29 Chronic ? ? R5 B
Cl13 49 Chronic ? ? R5 B
Cl4 78 Chronic ? ? R5 B
YU2 None (reference strain) R5 B

? 1D, identification.
? M, male; ?, not known.

¢ Risk behavior where known. Subjects listed as “SPD” were source plasma donors who denied having sex for money, homosexual activity, and intravenous drug use (IVDU) or
receiving a blood transfusion or a tattoo in the preceding year (18). MSM, men who have sex with men; ?, not known.

ted HIV-1 variants within the host or between hosts at the time of
acute infection. Aside from preferential transmission of chemo-
kine (C-C motif) receptor 5 (CCR5) over chemokine (C-X-C mo-
tif) receptor 4 (CXCR4) using HIV-1 clones (12), it is not clear
whether a simple mechanical process involving limited barrier
disruption results in a new infection by just a few HIV-1 clones or
whether the infecting HIV-1 clones are selected due to specific
phenotypic properties, i.e., not characteristic in the majority of
HIV-1 clones within complex HIV-1 quasispecies of the donor.
Recent studies examined possible differences in host cell entry
efficiency of HIV-1 clones derived from acute infections versus
chronic disease. Acute and chronic HIV-1 clones did not show a
phenotypic difference in entry kinetics, CCR5 or CD4 affinity, and
sensitivity to various entry inhibitors (13, 14).

Sexual transmission of HIV-1 requires the virus inoculum in
semen or vaginal or rectal secretions to cross the mucosal epithe-
lium and establish infection in susceptible target cells found in the
epithelium and genital or rectal mucosal tissue. Multiple mecha-
nisms have been proposed to explain how HIV-1 crosses the epi-
thelial barrier, including direct infection of epithelial cells, trans-
cytosis through epithelial cells or M-cells, transmigration of
infected donor cells, uptake by intraepithelial Langerhans cells
(LC), and physical breaches to the epithelium (1, 15, 16). Once
virus has penetrated the epithelium, T cells, macrophages, and
dendritic cells (DC) including Langerhans cells found in epithelial
and subepithelia of genital and rectal mucosas are proposed as
primary targets for HIV infection. However, the tropism of trans-
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mitted/founder (T/F) virus for such cells is poorly understood.
Defining the mechanisms by which acute T/F virus interact with
mucosal tissue models and primary target cells for HIV infection
may provide important clues for vaccine design.

This study seeks to determine whether there is a phenotypic
difference in infection fitness of acute T/F envelope chimeric
virus relative to chronic virus in cellular and tissue models
thought to reflect the potential range of primary cells at the
mucosal portals of entry. To this end, we have conducted a
biological characterization of chimeric virus harboring a panel
of subtype B transmitted/founder envelope genes from multi-
ple patients in acute infection (8, 17) and compared their prop-
erties to those of chronically infected individuals. We have
characterized replication of acute and chronic Env-chimeric
virus in the following: a CD4 T-cell line (PM-1); primary HIV-
susceptible PBMC; macrophages; monocyte-derived dendritic
cells (MDDC); a MDDC-to-T-cell transinfection model; and in
primary human tissue explants of cervical, penile glans, rectal,
and tonsillar origin. Viruses were titrated in each of the cellular
and tissue models, and the titers were compared with chronic
envelope chimeric viral pools and prototypic macrophage-
tropic strains (Table 1). The presented data indicate that virus
with HIV-1 Envs of transmitted acute infections preferentially
replicate in T cells rather than macrophages or dendritic cells
and are less efficiently transmitted from antigen-presenting
cells to CD4 T cells than chronic Envs.
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FIG 1 Construction and sequence analyses of the HIV-1 env chimeric viruses derived from acute and chronic infection samples. (A) An HIV-1 env cassette was
reverse transcription-PCR (RT-PCR) amplified as described in Materials and Methods and then transfected into yeast along with the linearized pREC_nfl_HIV-
1Aenv/URA3. The URA3 gene is replaced by the env cassette via homologous recombination/gap repair, and this process is selected via yeast colony growth on
plates lacking leucine but containing FOA. FOA is converted into a toxic anabolite by the uracil biosynthesis machinery encoded by URA3. The pREC_nfl_HIV-1
vectors with chronic or acute env genes are then purified and used to transfect 293T cells along with the complementing vector, pPCMV_cplt by the method of
Dudley etal. (17). Virus-containing supernatant from these transfections are propagated for a maximum of 2 weeks on U87.CD4.CCRS5 cells to produce the virus
employed in all subsequent assays. Abbreviations: Py, promoter for cytomegalovirus: pbs, primer-binding sequence; LTR, long terminal repeat; PCR
amplifica-, PCR amplification. (B) The viruses amplified on the U87.CD4.CCR5 cells served as the templates for RT-PCR and DNA sequencing. The neighbor-
joining phylogenetic tree was constructed based on the C2-V3 region of env within the propagated viruses. For each of the acute clones, the original HIV-1 env
gene derived from SGA of the patient sample is provided to verify sequence identity to the cloned virus.

MATERIALS AND METHODS

Reagents. All reagents were from Sigma-Aldrich UK, unless otherwise
stated. Tissue culture flasks were from Greiner, and BD Falcon Microtest
tissue culture plates were used.

Virus. Eleven acute subtype B envelopes (Envs) were cloned from the
Center for HIV/AIDS Vaccine Immunology (CHAVI) acute infection
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studies (8) (Table 1). In addition, 14 chronic Envs (isolated from patients
infected for more than 1 year) were cloned from anonymous patient sam-
ples under institutional review board (IRB) approval in Eric Arts’ labora-
tory at Case Western Reserve University (Table 1). All HIV-1 Envs were
cloned using the protocol described in reference 17 and schematically
depicted in Fig. 1A. Briefly, the approximately 3 g of the 3-kbp env DNA
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(HXB2 numbering 5957 to 8904) from acute infection clones and 3 g of the
3.1-kbp env DNA (HXB2 numbering 5701 to 8819) of chronic infections
were transfected into Saccharomyces cerevisiae with linearized plasmids,
pREC_nfl NL4-3_ Aenv/URA3. Yeast colonies were selected on complete
medium lacking leucine (C—Leu) plates supplemented with fluoroorotic
acid (FOA). The resulting vectors, pREC_nfl_NL4-3_env,,;enxcione Nar-
bored in the FOA-resistant yeast colony were then transformed into bac-
teria to amplify the DNA plasmid for purification as described previously
(17). It is important to note that for the chronic patient samples, the
env PCR product harbored the amplified patient quasispecies, and as
such, >100 yeast colonies were removed from Leu—/FOA plates for bulk
plasmid purification and eventual reconstitution of sample quasispecies.
In contrast, only a single env clone (provided by B. F. Keele and B. H.
Hahn, University of Alabama) was subcloned into pREC_nfl NL4-3_
Aenv/URA3 representing the limited genetic diversity in the acute sample.
Each pREC_nfl_NL4-3_env,,enixclone Of the yielded vectors and the sup-
plementary vector, pCMV_cplt (CMV stands for cytomegalovirus) (17),
were then cotransfected into 293T cells with Effectene transfection re-
agent (Qiagen) to produce virus, which were then propagated in
U87.CD4.CCRS cells as described previously (17) and schematically de-
picted in Fig. 1A. This procedure of highly efficient yeast-based recombi-
nation/cloning followed by 293T transfections and short propagations in
U87 cells is thought to preserve the HIV-1 qausispecies population better
than a similar approach using bacterial restriction enzyme cloning (17).
Previous studies (including our own) on HIV-1 fitness/infectivity used
prepared viruses, termed primary HIV-1 isolates, by PBMC cocultivation
and subsequent virus expansion. This procedure results in high selection
bias and genetic bottlenecks. For example, the presence of only 10%
CXCR4-tropic virus in a quasispecies prior to PBMC propagation led to
complete dominance of these X4 clones in the “primary isolate” within 2
to 3 weeks of PBMC propagation. However, we estimate a 100-fold reduc-
tion in the genetic bottleneck using our chimeric virus cloning/produc-
tion procedure based on 454 pyrosequencing of the virus population in
the patient sample prior to manipulations (R. M. Gibson, K. R. Henry,
M. E. Quinones-Mateu, and E. J. Arts, unpublished data).

Cell-free supernatants of these HIV Env virus were expanded for 7 to
10 days in Jurkat-tat-R5 cells and quantified using the 50% tissue culture
infective dose (TCID5,) assay. These Env-chimeric virus were evaluated
for differential tropism in cellular and explant tissue assays. The HIV-1
env gene was also reverse transcribed-PCR amplified, cloned into pCR-
TOPOII vectors (Invitrogen), and sequenced in the C2-V3 region as pre-
viously described (19). Neighbor-joining phylogenetic trees (Fig. 1B)
were constructed to compare env sequences of the single clones analyzed
by SGA (8) to those cloned into these chimeric env viruses. The intrapa-
tient diversity of the chronic env chimeric viruses is also shown for three
representative chronic-Env virus: the QO virus derived from a patient
sample following 67 months of infection; 110 from a patient sample fol-
lowing 48 months of infection, and K44 from a patient sample following
85 months of infection (19).

Cell isolation and culture. PBMC were isolated from single donor
bufty coats, obtained from the National Health Service (NHS) Blood and
Transplant Service, using density gradient centrifugation with His-
topaque-1077 Hybri-Max and washing 2 or 3 times with cold, sterile
phosphate-buffered saline (PBS).

Monocyte-derived macrophages (MDM) were obtained from buffy
coat-derived PBMC by adherence (1 X 10° PBMCs/well in 96-well plates)
and matured for 5 to 7 days by culture in RPMI 1640 plus 10% human
serum (HS) and 20 ng/ml of granulocyte-macrophage colony-stimulating
factor (GM-CSF) (R&D Systems).

Culture of monocyte-derived dendritic cells. Monocytes were iso-
lated from PBMC by adherence to 175-cm tissue culture flasks. Cells were
resuspended at 10 X 10°/ml in RPMI 1640 plus 0.5% HS and incubated at
37°C for 2 h. Nonadherent cells were removed from culture by washing 4
times with sterile, room temperature PBS. Cells were cultured for a total of
6 days in 30 ml per flask of DC medium (RPMI 1640 plus 5% HS, 100
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U/ml penicillin, 100 pg/ml streptomycin, and 2 mM r-glutamine) sup-
plemented with 40 ng/ml interleukin 4 (IL-4) (equivalent to 500 U/ml)
and 20 ng/ml GM-CSF (equivalent to 1,000 U/ml) (R&D Systems). After
3 days, 20 ml of medium was removed from each flask and centrifuged at
300 X gfor 5 min at room temperature, spent medium was discarded and
replaced with 20 ml of fresh DC medium, cells were added back to their
original flask and supplemented with cytokines as described above. Resid-
ual T cells were removed from DC cultures after 6 days by depletion using
anti-CD3 Dynabeads according to the manufacturer’s instructions. Cells
were then phenotyped using fluorochrome-conjugated antibodies against
human DC-SIGN, CD123, CD11¢, HLA-DR, CD80, CD83, CD86 (BD
Bioscience), and CD3 (Beckman Coulter) with isotype-matched control
antibodies as negative controls. Fluorescence-activated cell sorting
(FACS) data were acquired on an FC500 flow cytometer using CXP soft-
ware. Phenotyping of immature monocyte-derived dendritic cells
(MDDC) indicated high levels of expression of DC-SIGN, CD11c, and
HLA-DR (means of 91.8%, 92.5%, and 98%, respectively) and low levels
of CD123, CD80, and CD83 (6.5%, 9.5% and 6.0%, respectively). Cells
were negative for CD3 (<1%; mean, 0.7%).

Cellular assays. (ii) Virus infectivity in cells measured by TCID,,.
The relative replication of each virus across the different cell types was
assessed by determining the TCID,/ml (tissue culture infective dose).
This provided a direct assessment of the relative infectivity in the different
models, removing the need to standardize viral input according to p24
content or infectivity in a specific model. In order to determine the
TCIDsy/ml in PBMC cultures, cells from three different donors were ac-
tivated with phytohemagglutinin (PHA) (5 pg/ml) for 3 days before being
washed and plated out at 10 cells per well in a U-bottomed, 96-well plate.
Virus was added ata 1 in 5 dilution, with serial 5-fold dilutions done down
the plate, and left to incubate overnight at 37°C. Each virus dilution was
tested in replicates of five. The virus was washed off the next day by cen-
trifugation for 5 min at 350 X g, and cell culture medium (RPMI 1640
with 10% fetal calf serum [FCS], 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 2 mM L-glutamine [complete RPMI]) with IL-2 (100 U/ml)
(Novartis UK) was added back at a total volume of 200 pl/well. The su-
pernatant was collected on days 7 and 14 and assessed for viral replication
by measuring HIV-1 p24 activity. For comparison, the TCID;,/ml calcu-
lation was also performed for monocyte-derived macrophages (from
three separate donors) and the PM-1 cell line in which cells and the virus
were used at the same concentration as for PBMC. The TCID5,/ml in
TZM-bl cell lines was calculated using 5 X 10* cells/well and a starting
dilution of 1 in 2 for each virus, with subsequent 4-fold serial dilutions.
The cells were incubated overnight with the virus without the addition of
dextran. HIV infectivity in the TZM-bl cells was then determined using a
luciferase reporter gene assay, in which the cells were lysed and luciferase
expression was assessed after the addition of substrate (luciferase assay
system; Promega, United Kingdom) (14). HIV-1;,; and HIV-1,,_, ona
NL4-3 backbone (NL-BaL.ecto and NL-YU?2.ecto, gifts of C. Ochsenbauer
and J. C. Kappes) were used as a positive control.

(ii) Virus infectivity (TCID5,) in MDDC and MDDC/PM-1 cocul-
tures. MDDC, from three different donors, were plated at 5 X 10*/well in
100 pl DC medium in U-bottom 96-well plates, and 100 wl of virus was
added at a 1/2 dilution with serial 2-fold dilutions down the plate, with 5
replicates per dilution. Cells were incubated with virus for 2 h at 37°C and
then washed three times with sterile, room temperature PBS at 300 X g.
Washed MDDC were then resuspended in 250 wl of DC medium. PM-1
cells were plated at 2 X 10* cells per well in U-bottom 96-well plates in 150
pl complete RPMI, and 50 pl of washed, infected MDDC was added to the
PM-1 cells. Both MDDC and MDDC/PM-1 cultures were maintained for
a total of 14 days at 37°C, virus replication was measured by HIV-1 p24
enzyme-linked immunosorbent assay (ELISA) at 7 and 14 days postinfec-
tion, and TCID,,/ml was calculated as for other cell types. This culture
period was selected to give any slow growing virus potential to lead to a
positive p24 signal irrespective of replicative fitness in PM-1 cells.
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Tissue assays. Ex vivo genital, tonsillar, and rectal tissue samples were
used for assessing the relative replication of each virus. Penile tissue was
obtained following gender reassignment surgery at Charing Cross Hospi-
tal, London, United Kingdom. All participants had ceased hormonal ther-
apy aminimum of 6 weeks prior to surgery, and tissues were collected with
written consent according to local research committee (LRC) guidelines.
Cervical, rectal, and tonsillar tissue samples were provided from the Duke
Mucosal Tissue Repository, Duke Human Vaccine Institute, Duke Uni-
versity Medical Center, NC.

Cervical and penile tissue was cut into 2- to 3-mm? explants compris-
ing both epithelium and stroma and infected with either acute or chronic
Env-chimeric virus (at a dilution of 1 in 2 for each virus) or HIV-1,, for
2 h. The tissue was then washed to remove unbound virus and then cul-
tured in complete RPMI medium. Migratory cells emigrating from tissue
explants were harvested after overnight culture and cocultured with PM-1
CD4 T cells (4 X 10*/well) for 21 days. Rectal and tonsillar tissue were
dissected into 1- to 2-mm? pieces infected with virus (Env-chimeric virus
or HIV-1y,, ) for 2 h and then washed in sterile PBS. The tissues were then
cultured upon gel foam rafts (Pharmacia & Upjohn), 3 or 4 pieces per raft
per well, in either RPMI 1640 supplemented with 15% FCS, 2 mM L-Glu,
200 units/ml of penicillin-streptomycin (Pen-Strep), 50 pg/ml gentami-
cin (Invitrogen, United Kingdom), and 1 wg/ml amphotericin B (Fungi-
zone) (Invitrogen, United Kingdom) for tonsillar tissue or Dulbecco
modified Eagle medium (DMEM) supplemented with 10% FCS, 2 mM
L-Glu, 200 units/ml Pen-Strep, 80 pg/ml gentamicin, and 1 pg/ml am-
photericin B for rectal tissue. For all tissues (cervical, penile, rectal, and
tonsillar), the medium was changed every 3 or 4 days, and the tissue was
cultured for a total of 21 days. For each tissue and virus, three different
donors were used. Relative replication of each virus among the different
tissues was assessed by measuring p24 release in supernatant over time.
Cumulative HIV-1 production was calculated from the sum of p24 output
determined at each time point.

HIV-p24 ELISA. Cell and tissue culture supernatant was assessed for
the production of p24 by using p24 ELISA kits (NCI-Frederick, MD)
according to the manufacturer’s instructions.

Statistical analysis. Statistical analyses were performed on GraphPad
Prism 5 or GraphPad InStat 3.10, utilizing the Mann-Whitney test to
compare TCID;, or Spearman’s rank correlation coefficient for compar-
ison between macrophages and dendritic cells. P values of <0.05 were
considered significant.

RESULTS

Cell tropism studies of acute and chronic subtype B Env-chime-
ric virus. Potential target cells within the genital and colorectal
compartments include antigen-presenting cells, dendritic cells
(epithelial and subepithelial populations) and macrophages, and
CD4™" T cells. Characterization of the cellular tropism of acute
transmitted/founder virus Envs may provide important insights
into the relevant contributions of these different cell types to the
initial events determining transmission at the mucosal portals of
entry. A panel of 11 acute Env-chimeric subtype B viruses (Table
1) were cloned from the CHAVI acute infection studies according
to the protocol depicted in Fig. 1A. The fidelity of the chimeric
virus to the original HIV-1 env gene derived from SGA is shown in
Fig. 1B. Cell tropism of acute Env-chimeric virus was initially
assessed by measuring replication in PBMC and in vitro mono-
cyte-derived macrophages (MDM). All acute Env-chimeric virus
demonstrated preferential infectivity of PBMC compared to mac-
rophages (P = 0.0002) (Fig. 2). This was in sharp contrast to the
two macrophage-tropic strains, HIV-1,,; and HIV-1y,4.5 vyu»
that showed equal infectivity in both cell types. These data
confirm previous studies using both MDM and CD4™ T cells
(11, 18, 20, 21).
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FIG 2 Acute subtype B Env-chimeric virus preferentially infects PBMC over
macrophages. The relative TCID,/ml of subtype B acute Env-chimeric virus
was determined in PBMC and monocyte-derived macrophages. Activated
PBMC or MDM were cultured with acute virus (B1 to B20) or control virus for
up to 14 days. Culture supernatant was collected and assessed for p24 release.
HIV-1g,, and HIV-1yy_, (macrophage-tropic strains) which were used as
controls, showed equal replication in both cell types unlike the acute Env-
chimeric virus, which showed preferential replication in PBMC.

Infectivity was then further assessed in a wider panel of cells,
including PBMC, MDM, monocyte-derived dendritic cells
(MDDC), and PM-1 CD4™" T cells, and in TZM-bl cells as a con-
trol (Fig. 3a). The T/F acute chimeric virus showed similar levels of
infectious virus when assessed for reverse transcriptase assay pro-
viding an average virtual TCIDy, of 10°2 (10*' to 10°®). All acute
Env-chimeric virus displayed preferential infectivity for PBMC
and CD4" PM-1 T cells. Infectivity of acute-Env virus for MDM,
MDDC, and TZM-bl cells were significantly lower than for both
PBMC and PM-1 cells (P < 0.0005). Interestingly, there was a
positive correlation between infection of MDM and MDDC (P =
0.03 and r = 0.641) (Fig. 3¢). In contrast, there was no correlation
with any pairings between the other cell types tested. To determine
whether the NL4-3 backbone may have reduced macrophage tro-
pism, control experiments were performed using the env sequence
of HIV-1;,; inserted into the same backbone. Here there was no
observable difference between HIV-1;,; and BaL Env-chimeric
virus with respect to infection of T cells and macrophages, sug-
gesting that the NL4-3 backbone had little impact on macrophage
tropism as previously shown (21).

A panel of Env-chimeric viruses (Table 1) generated from
chronically infected subtype B subjects was also evaluated (Fig.
3b). Unlike acute Env-chimeric virus, derived from a single SGA
clone, chronic Env-chimeras represent the amplified and cloned
patient quasispecies (Fig. 1B). The chronic Env-chimeric virus
panel displayed a similar profile of cellular tropism with 2- to
3-log-unit-higher (significantly higher) infectivity for PBMC and
PM-1 cells over MDM and MDDC (P < 0.0001). No significant
differences were observed between acute and chronic Env-chime-
ric virus in any of the primary cell types examined (PBMC, MDM,
and MDDC); however, chronic Env chimeric virus had signifi-
cantly higher TCID5,/ml than acute Env chimeric virus in the
PM-1CD4 T cellline (P < 0.006). Based on the results of previous
studies (19, 22) and in relation to in vivo conditions, different
clones in the chronic Env chimeric virus quasispecies may repli-
cate more efficiently and dominate replication in the different
primary cell types and tissues. However, it assumed that the acute
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FIG 3 Replication of subtype B Env-chimeric virus across cell lines and primary cell models. (a) The relative TCID;,/ml of the acute Env virus was determined
in a variety of different cell types; the TCID5, values for PBMC were compared to those in MDM, MDDC, and TZM-bl cells, using a Mann-Whitney ¢ test and
95% confidence interval (95% CI). Values that are significantly different (P < 0.0005) are indicated by an asterisk. (b) Subtype B chronic Env-chimeric virus (n =
14) were also evaluated for TCID;,/ml and compared according to cell type. Values that are significantly different (P < 0.0001) by Mann-Whitney ¢ test and 95%
CI are indicated by an asterisk. The horizontal bars in panels a and b represent the median TCID5y/ml for each cell type. (c) The TCIDs,s for the acute
Env-chimeric virus in MDM and MDDC show a positive correlation (P = 0.037 and r = 0.641) by Spearman’s rank correlation coefficient and 95% CI. (d)
MDDC-to-CD4 ™ -T-cell transmission of Env-chimeric virus. Acute and chronic Env-chimeric virus were titrated on MDDC, washed, and cocultured with PM-1
cells. Infectivity was measured in MDDC/PM-1 cocultures by HIV-1 Gag p24 ELISA, and TCIDs,/ml was calculated for each virus. MDDC were significantly
better able to transmit chronic virus than acute virus to T cells. Values that are significantly different (P < 0.0003) by the Mann-Whitney ¢ test and using 95% CI

are indicated by an asterisk and long thin black line. The horizontal bars represent the median TCID5,, for each virus type.

Env chimeric virus may still be more proficient at infection in
transmission models, since they have already emerged from this
selection process.

Transmission of Env-chimeric virus from MDDC to CD4* T
cells. Dendritic cells have long been proposed as playing an im-
portant role in transmission of HIV-1, as they are thought to be
among the first cells that encounter the virus and thus facilitate the
spread of the virus to CD4™ T cells. One of the ways they are
thought to do this is through trans-infection, mediated by the
C-type lectin, DC-SIGN, expressed on the surfaces of dendritic
cells (23). Therefore, the efficiency of viral transmission of acute
Env-chimeric virus, from MDDC to CD4™ T cells, was assessed.
Here MDDC were pulsed with serial dilutions of virus for 2 h,
washed to remove unbound virus, and then directly cocultured
with CD4 indicator cells for 14 days, whereupon supernatant was
collected and assessed for infectivity on the basis of p24 expres-
sion. The majority of acute Env-chimeric viruses were transmitted
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less efficiently compared to the chronic Env-chimeric virus as
determined by TCID;, (P < 0.0003) (Fig. 3d). In order to
further understand the potential mechanism behind this trend,
we assessed the viral binding affinities of the Env-chimeric vi-
rus and lab-adapted virus (BaL, SF162, LAV, YU2, and RF) to
the C-type lectin DC-SIGN (data not shown). Acute and
chronic Env-virus showed similar affinity for DC-SIGN that
was not significantly different (data not shown), suggesting
that this mechanism was not responsible for the higher level of
transmission of chronic Env-chimeric virus to T cells com-
pared to acute Env virus observed in Fig. 3d. It is also important
to note that other factors may play a role. Our previous reports
suggest that acute HIV-1 Envs (derived from the same patients)
do not show a mean difference in CD4 and/or CCR5 usage
compared to the chronic HIV-1 Envs from typical progressors
(13). However, the variations in receptor affinities, host cell
entry kinetics, and sensitivity to entry inhibitors were much
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FIG 4 Replication of Env-chimeric virus in mucosal tissue explants. (a and b)
Cervical, penile, tonsillar, and rectal tissue were dissected into 1- to 3-mm?
explants and after exposure to either acute (a) or chronic (b) Env-chimeric
virus for 2 h, were cultured for a total of 21 days, and supernatant was collected
every 3 or 4 days. HIV-1 p24 levels were then measured to assess relative viral
replication. There was a significant difference between chronic p24 levels in
rectal versus cervical or penile tissue infected with chronic Env virus. Values
that were significantly different by the Mann-Whitney ¢ test and using 95% CI
are indicated as follows: *, P < 0.003; *#, P = 0.0003. Horizontal bars repre-
sent the median p24 level for each tissue type.

greater in acute HIV-1 Envs and more uniform for chronic
Env-derived virus (13).

Replication of subtype B Env-chimeric virus in different tis-
sue types. We then assessed the ability of the panel of acute Env-
chimeric virus to infect different types of mucosal tissue: cervical,
penile glans, tonsillar, and rectal tissues. Tissue was dissected into
1- to 3-mm’ explants and infected with either acute or chronic
Env-chimeric virus (average TCID,,/ml of 4.4 and 4.3, respec-
tively, in PBMC), or with HIV-1g,; used as a control. After 2 h,
unbound virus was washed off, and the tissue was cultured for a
period of 3 weeks during which supernatant was harvested and
assessed for p24 levels. All of the acute Env-chimeric virus repli-
cated with greater variation in all tissues, though there appeared to
be a trend for more efficient replication in rectal tissue (Fig. 4a).
This trend was significant with the chronic Env-chimeric viruses,
which showed greater replication efficiency in rectal tissue than in
penile and cervical tissue (P < 0.003) (Fig. 4b). There was no
difference between the acute and chronic viruses for each tissue
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FIG 5 Relative transmission of Env-chimeric virus from migratory cells em-
igrating from genital explants to CD4™ T cells. Genital tissue explants were
exposed to either acute or chronic Env-chimeric virus for 2 h and then washed
to remove unbound virus. Migratory cells emigrating from tissue explants
were harvested after overnight culture and cocultured with PM-1 CD4 T cells
for 21 days. p24 levels were measured in collected culture supernatant by
ELISA. Horizontal bars represent the median p24 level for each tissue type.
Cervix - A and Penile - A are explants infected with acute Env-chimeric virus,
and Cervix - C and Penile - C are explants infected with chronic Env-chimeric
virus. Values that were significantly different (P < 0.0001) by the Mann-Whit-
ney ¢t test and using 95% CI are indicated by an asterisk and thin black line.

type, except for tonsillar tissue where higher replication was ob-
served with chronic viruses (P < 0.007). Experiments were then
performed to assess the potential dissemination of virus by migra-
tory cells that emigrate out of tissue during the first 24 h of culture
(24). Cervical and penile tissue explants were exposed to virus for
2 h and washed to remove unbound virus. Migratory cells from
these tissues were collected 24 h later and cocultured with CD4™
PM-1T cells for up to 21 days. Viral replication was assessed by
measurement of p24 concentration in culture supernatant. Inter-
estingly, migratory cells from cervical tissue inefficiently transmit-
ted acute Env-chimeric virus to CD4" T cells. This was also true
for migratory cells from penile tissue, to the extent that only three
acute viruses were transmitted to the PM-1 cells, with the other
viruses not transmitted at all. In contrast, the chronic Env-chime-
ric viruses were very efficiently transmitted by migratory cells
compared to acute Env-chimeric virus (P < 0.0001) (cervical and
penile tissue) (Fig. 5). These data reflect a similar but more exag-
gerated pattern to the transfer of acute and chronic Env-chimeric
virus by MDDC to T cells (Fig. 3d).

DISCUSSION

Sexual transmission of HIV-1 across mucosal surfaces is the most
common route of transmission worldwide (1). During mucosal
transmission, virus crosses the epithelial barrier and encounters
potential target cells: CD4 T cells, DC subsets, and macrophages,
all of which can be productively infected with HIV-1. The founder
population is thought to undergo local amplification and then
disseminates to the draining lymph nodes, establishing a systemic
infection (15, 25, 26). Although CD4 T cells are the main source of
HIV replication and dissemination, it has been suggested that DCs
mediate the spread of HIV to CD4 T cells (25, 27, 28). Under-
standing the interactions between the transmitted virus and the
initial target cells during this short window after virus challenge
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could be critical in identifying requirements of vaccine-mediated
protection.

We have characterized a panel of subtype B acute and chronic
HIV-1 envelope chimeric viruses in susceptible target cells and
primary human tissue explant models. Our data demonstrate that
both acute and chronic Env-chimeric virus have significantly
higher titers in PBMC and PM-1 CD4" T cells than in either
MDM or MDDC. In agreement with our data, lower levels of
replication in macrophages compared to CD4 T cells have already
been documented with both Env-expressing and full-length sub-
type C transmitted virus (18, 20) and full-length subtype B clones
(11, 21). However, we found no difference in tropism between
chronic and acute Envs when primary cells (PBMC, MDM, and
MDDC) were directly infected, which has also been shown in sub-
type C-infected transmission pairs (20).

Historically, transmitted virus has been characterized as “mac-
rophage-tropic”; however, this may more accurately reflect CCR5
coreceptor use, rather than preferential replication in macro-
phages (29). In agreement with data on transmission of R5-depen-
dent HIV variants (12), transmitted Envs have been shown to be
predominantly R5-tropic (8, 13, 18), although a small proportion
of R5/X4 isolates have been observed. However, none of the acute
virus tested here demonstrated the preferential macrophage tro-
pism seen with prototypic macrophage-tropic strains HIV-1,;
and HIVyy,.

The preferential tropism of acute Env-chimeric virus for CD4
T cells rather than macrophages or dendritic cells is in agreement
with data from ex vivo tissue models and nonhuman primate
models, indicating that CD4 T cells are the primary target of acute
HIV infection. Intravaginal simian immunodeficiency virus (SIV)
challenge in rhesus macaques have shown that almost all infected
cells during primary infection are CD4 T cells (30, 31), while data
from ex vivo female genital tissue models also found that the ear-
liest detected infected cells are CD4 " T cells (32, 33) and that these
cells have the effector memory phenotype (32, 34).

Interestingly, infection of the primary human tissue models
(cervical, penile, tonsillar, and rectal tissues) did not reveal any
significant differences between the tissue types when infected with
acute Env-chimeric virus, although there was a trend for higher
levels of replication in rectal tissue compared to other tissue types.
Infection with chronic Env-chimeric virus resulted in significantly
higher replication in rectal tissue compared to either cervical or
penile tissue. These data are in keeping with the documented
higher rates of infection for male-to-male transmission (1) and
the higher frequencies of susceptible CD4" CCR5™" T cells in rec-
tal tissue (35-37). The route of transmission is not known for all of
the Env-chimeric viruses (Table 1); however, for those where it
was recorded, there was no apparent difference in cellular or tissue
tropism between virus acquired by heterosexual (viruses B7, B14,
and B17) or MSM (viruses B4 and B19) transmissions. Interest-
ingly, chronic Env-chimeric virus infected PM-1 CD4 T cells more
efficiently than acute virus (P < 0.006) and displayed higher rep-
lication in tonsillar tissue (P < 0.007).

When MDDC were pulsed with serial dilutions of virus,
washed, and directly cocultured with PM-1 CD4 T cells, a signif-
icant difference in titer was observed. Acute Env-chimeric virus
achieved significantly lower titers compared to chronic Env-chi-
meric viral pools, suggesting lower levels of MDDC-to-T-cell
transmission. As infectivity (TCIDs,) was determined on the basis
of detectable p24 production in MDDC/PM-1 cocultures, this
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would be minimally influenced by relative differences in replica-
tive fitness for PM-1 cells per se. Furthermore, there was no cor-
relation between infectivity for PM-1 cells and MDDC/PM-1 co-
cultures. Given that MDDC were directly cocultured with PM-1
CD4 T cells following viral exposure, this model would be ex-
pected to detect both trans- and cis-mediated infection of CD4 T
cells. However, similar fitness for direct infection of MDDC (Fig.
3a and b) indicate that differences in cis infection of MDDCs are
unlikely to account for the observed differences in MDDC-to-T-
cell transfer. The relative inefficient transmission of acute Env-
chimeric virus to PM-1 CD4 T cells was also observed in the mi-
gratory cells from cervical and penile tissue. We cannot exclude
the possibility that more-fit clones from chronically derived virus
could be preferentially transferred from migratory cells in this
model; nevertheless, no correlation was seen between dissemina-
tion of virus in this model (acute and chronic) and replicative
infectivity of PM-1 cells alone. Previous data from our laboratory
have characterized migratory cells from cervical tissues to be ei-
ther CD3™ CD4™ or CD3~ HLA-DR™ (of which the majority also
expressed DC-SIGN). Both the CD3™ population and the HLA-
DR™ population were shown to be capable of transmitting infec-
tion to CD4™" T cells; however, the level of replication observed
was higher in HLA-DR™ cell cocultures and accounted for the
majority of the dissemination (24). We have assessed the popula-
tion of migratory cells that emigrate from penile tissue by flow
cytometry and these display a similar population of CD3* CD4™"
T cellsand CD3~ CD4" DC-SIGN™ CD11c™" dendritic cells (data
not shown).

One important distinction between the HIV-1 derived from
acute Envs compared to chronic Envs utilized in this study is the
diversity in the two viral populations. We first contemplated per-
forming these studies with selected clones from the diverse HIV-1
population found in chronic infections and to compare them with
single acute clones. In the case of the acute HIV-1 Envs, a single
HIV-1 clone was generally identified (8) in these patient samples,
and as consequence, only a single HIV-1 Env-chimeric virus was
constructed (Fig. 1). In the case of the chronic derived virus, the
quasispecies are quite diverse (in relation to a consensus virus for
each patient), and as such, the reconstructed virus harbored a
minimum of 100 distinct Env clones. Our previous studies have
compared the replicative fitness of HIV-1 Env chimeric virus
clones within an intrapatient population (19, 22, 38). Approxi-
mately 30 to 50% of all Env clones from a chronic patient sample
yields dead virus, whereas the remaining 50 to 70% Env genes
display significant variations in entry efficiency (22, 38). Thus, the
random selection of individual HIV-1 clones from a chronic virus
population may introduce a large experimental bias. Although
controversial, a virus quasispecies or swarm is thought to repre-
sent one virus entity recapitulating the actual fitness/phenotype
within that patient sample at that time (39). Previous studies have
shown that a diverse virus population is substantially more fit for
replication in tissue culture models than single virus clones (19,
40-43). Nonetheless, all tissues and primary cells used in this
study likely introduce a genetic bottleneck on the chronic Env-
chimeric viruses such that some clones will replicate better than
others. We could attempt to identify and characterize these
chronic clones, but it is important to note that this study focused
on identifying unique phenotypic features of the acute Env-chi-
meric viruses. There is an assumption that the infecting HIV-1
clones during acute infection may reflect a selected phenotype
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favoring mucosal infection or virus transfer within the targeted
tissue (e.g., genital and rectal mucosa). We found no evidence for
selection of acute Env sequences promoting enhanced DC-to-T-
cell transfer compared to chronic Env-chimeric virus. The ineffi-
cient tropism of both acute and chronic Env-chimeric virus for
DCinfection does not support a dominant role for this pathway in
mucosal transmission.

An important caveat in describing a lack of preferential tro-
pism by these acute Env-chimeric virus is the focus entirely on the
HIV-1 env gene as opposed to the entire primary HIV-1 isolates. It
is quite possible that other genomic regions of the acute virus may
provide the key for a distinct tropism. For example, sequences
outside env may dictate the level of envelope incorporation into
budding virus (N. Parrish, J. Easlick, M. O’Brien, J. Decker, J.
Salazar-Gonzalez, H. Li, T. Dokland, N. N. Bhardwaj, G. Shaw,
and B. H. Hahn, presented at the 18th Conference on Retroviruses
and Opportunistic Infections, 2011). In this study, we can only
indicate that the envelope glycoproteins from acute T/F virus in-
serted into a common HIV backbone do not confer an enhanced
tropism. In previous studies, we have shown that replicative fit-
ness of primary HIV-1 isolates in PBMC, T cells, or macrophages
is controlled by the efficiency of host cell entry and maps to the env
gene (44, 45). Nonetheless, other virus factors in addition to or
aside from the HIV-1 envelope glycoproteins may play an impor-
tant role for enhanced tropism of acute-derived HIV-1 isolates for
DC or macrophage cells embedded in mucosal tissues. Finally, it
should be noted that the acute-derived HIV-1 compared to chron-
ic-derived HIV-1 contained a slightly shortened env cassette (171
nucleotides [nt] shorter). For the acute virus constructs, the env
cassette started just downstream of the first rev exon and ended in
the gp41 transmembrane domain. The chronic virus constructs,
in addition to the acute env cassette, included the first exon of fat.
The acute env cassette was limited in size due to primer used in the
previous SGAs.

Taken together, our data and that of others argue against a
major role for macrophages and dendritic cells as primary target
cells for initiating mucosal infection and strongly support the
growing evidence that subtype B acute Env sequences preferen-
tially target mucosal CD4™ T cells. More-efficient replication of
chronic Env virus in PM-1 CD4 T cells and tonsillar tissue may
reflect selection of more-fit clones from the chronic quasispecies
that are not representative of the acute Env clones. The relative
inefficient direct infection of MDDC by acute Env-chimeric virus
supports previous studies suggesting infectious passage through
subepithelial DC and macrophages is unlikely to be critical for
establishment of infection (32, 33, 46—48). The observation that
acute Env chimeric virus was less efficiently transmitted than
chronic Envs by cellular emigrants from cervical and penile tissue
suggests this property is not actively selected within the inoculat-
ing viral population. It is unclear whether this represents increased
uptake of chronic virus by tissue emigrants or differential reten-
tion of acute Env virus within the tissue itself. Further study will be
required to determine whether the observed less-efficient transfer
of acute virus from MDDC to CD4 T cells confers a direct selective
advantage for transmission or whether this represents a surrogate
marker for an envelope phenotype that provides a selective advan-
tage through an alternative mechanisms.

This study has specifically focused on the contribution of T/F
Env, as expressed in chimeric virus with a common HIV-1 back-
bone, on infection of mucosal tissue and associated cells. Addi-
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tional studies using full-length T/F infectious molecular clones are
needed to determine whether sequences outside Env (indepen-
dently or conjointly) have additional influence on these early
events.
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