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a b s t r a C t

In order to obtain HIV-1 primary isolates in settings with limited access to donor 
PBMC, a culture method was developed where patient PBMC infected with HIV-1 
were cultured together with U87.CD4 cells. Using this non-laborious method, it is 
possible to harvest virus solely on the basis of syncytia formation and circumventing 
monitoring of viral replication by CA-p24 ELISA. Primary isolates from 23 out of 33 
patients (70%) were isolated successfully. From PCR amplification and sequencing of 
the V1V5 region of the viral gp120 envelope gene, primary isolates were compared with 
variants obtained from plasma and PBMC of thirteen patients. The primary isolates of 
seven patients (54%) resembled closely the plasma viral quasispecies, whereas different 
variants were isolated from the other patients (46%). Three patients harbored a dual 
infection, while this remained unnoticed from sequencing the plasma or PBMC 
compartment. The primary isolates were highly infectious for TZM-bl cells and could 
infect CD4-enriched lymphocytes. This study demonstrates that it is possible to grow 
viral isolates using a non-laborious and simple method. These isolates may be used in 
the field for studies on antiretroviral therapy or for vaccine trials.
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I n t r o D u C t I o n

The human immunodeficiency virus type 1 (HIV-1) M group consists of different 
viral subtypes, ranging from A to K, and many recombinant forms, which creates a 
major challenge for HIV-1 vaccine research1. Vaccine studies benefit greatly from the 
generation of primary isolates, which can be tested for an array of biological phenotypes, 
such as sensitivity to antiretroviral drugs or antibody neutralization. HIV-1 primary 
isolates are obtained commonly by cocultivation of peripheral blood mononuclear 
cells (PBMC) from individuals infected with HIV-1 together with uninfected donor 
PBMC2. In infected individuals, HIV-1 consists of a population of closely related but 
distinct variants, termed the viral quasispecies3. There is no consensus as to whether 
primary isolates obtained using donor PBMC represent accurately the circulating 
HIV-1 quasispecies. Several studies described preferential outgrowth of minor PBMC 
variants using this strategy4-6. Two other studies conclude that cultured primary 
isolates represent accurately the viral quasispecies within the PBMC fraction7,8. There 
are several drawbacks of coculturing patient cells with donor PBMC: the variation in 
donor cell susceptibility to HIV-1 infection, the longer periods required for culturing 
and the requirements for capsid p24 (CA-p24) monitoring and HIV-1 uninfected 
blood7,9. This latter point has considerable implications for settings where continuous 
supply of donor PBMC and CA-p24 Enzyme-linked immunosorbant assays (ELISA’s) 
for monitoring viral replication are often not available or cannot be afforded.

HIV-1 spreads more efficiently from cell-to-cell than via cell-free infection10-12. 
Furthermore, using cell-free virus from patient plasma for growing primary isolates 
requires usually high viral loads due to the relative low level of infectivity of HIV-1 viral 
particles in plasma13,14. Recent advances have been made to enhance viral propagation 
using plasma, but these are again expensive15,16. In light of these disadvantages, it may be 
easier to culture viral isolates using patient PBMC. However, this may reactivate latent 
and/or archival strains that do not represent the plasma variants that are produced 
more recently6,17-19. A simple and cheap method for generating HIV-1 primary isolates, 
representing accurately the patients’ plasma viral quasispecies, is desirable. Morner et 
al have described a method of cocultivating virus-producing PBMC with U87.CD4 
cells expressing various coreceptors to determine viral coreceptor usage20. U87.CD4 
cells are microglial cells that reside in brain tissue and have been engineered to be used 
for determining coreceptor usage21. Another study describes the generation of HIV-1 
clones using the U87.CD4 cell line22 and suggests that the viral clones possessed the 
same biological and molecular properties as the primary isolates. Both studies are very 
laborious since viral stocks were passaged twice on donor PBMC.

A non-laborious method is described for generating HIV-1 primary isolates directly 
from patient PBMC using the U87.CD4 cell line whereby virus can be harvested solely 
on the basis of syncytia formation. This method circumvents the need for monitoring 
of viral replication by CA-p24 ELISA and feeding the culture with fresh cells. In this 
assay, patient samples of various subtypes were used and part of the study was carried 
out in Ghana. Primary isolates were isolated successfully from 23 out of 33 patients 
(70%). From PCR amplification and sequencing of the V1V5 region of the viral gp120 
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envelope gene, it is concluded that the majority of viral isolates resembled closely the 
plasma virus population. The primary isolates were highly infectious for TZM-bl cells 
and CD4-enriched lymphocytes.

m at E r I a l s  a n D  m E t H o D s

study part ic ipants
Fresh and stored PBMC samples were utilized and collected from individuals infected with 
HIV-1 participating in various studies, who did not receive antiretroviral therapy at the time 
of sampling. Patients A001-A007 and A012-A014, from Amsterdam, were included in an acute 
HIV-1 infection study, whereas patients A008-A011 belonged to a phase I/IIa clinical trial testing 
a novel fusion inhibitor23. VitalVirus isolated HIV-1 from plasma of donor A015 was used to infect 
uninfected donor PBMC (Miltenyi Biotec, Utrecht, The Netherlands). Two weeks post-infection 
these PBMC were used in the U87.CD4 cocultivation assay. PBMC from these individuals were 
stored at -150°C before they were utilized for the assay. An additional 18 patients were recruited in 
Ghana for inclusion in a study monitoring HIV-1 infection in a region endemic for parasitic co-
infections. From these patients, 20 ml of blood was collected in Vacutainer cell preparation tubes 
(CPT; Becton Dickinson, San Jose, CA, USA) and processed as recommended by the manufacturer. 
These Ghanaian patients provided fresh PBMC for the coculture assay and the viral loads were 
determined using the Versant HIV-1 RNA 3.0 Assay (bDNA; Siemens, Deerfield, IL, USA). CD4 
counts were determined by use of the Becton Dickinson FACSCount system (San Jose, CA, USA). 
These 33 patients were infected with various subtypes as determined by phylogenetic analyses of 
the envelope V1V5 region and blasting the sequences on the Los Alamos website (http://www.
hiv.lanl.gov). All samples were obtained after institutional review by the appropriate boards and 
informed consent was obtained from all study participants.

Cel l  culture
Human glioma U87.CD4 cells stably expressing either the HIV-1 coreceptor CCR5 or CXCR4 
were obtained through the NIH AIDS Research & Reference Reagent Program from Dr. H. Deng 
and Dr. D.R. Littman21. The U87.CD4 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% inactivated fetal calf serum (FCS), penicillin (100 units per 
ml) and streptomycin (100 μg/ml). In addition, neomycin (300 μg/ml) and puromycin (1 μg/
ml) were added to the culture medium to maintain CD4 and coreceptor expression, respectively. 
U87.CD4 cells expressing either CCR5 or CXCR4 were seeded in 24-well plates (2.5 x 105 cells 
per well) without puromycin and neomycin one day prior to coculture. Patient PBMC (1.5 x 
106 cells) were activated overnight using 2 μg/ml of phytohaemagglutinin (PHA) in RPMI 1640 
medium containing 10% inactivated FCS, 100 units/ml of interleukin 2 (IL-2) and antibiotics. 
The following day the PBMC were washed and applied onto a confluent layer of U87.CD4 cells 
in DMEM. The culture medium was refreshed every two to three days and selection antibiotics 
were added again two days later. Virus production was monitored by syncytia formation and by 
frequent CA-p24 ELISA (in-house) on the culture supernatant. With respect to the Ghanaian 
samples, culture supernatants from three time-points were collected, shipped back to the 
Netherlands and CA-p24 values were determined when required. Values over 0.1 ng/ml were 
regarded as positive.

PCr ampl if icat ion and sequencing
Upon virus production, culture supernatant was collected and samples from multiple time-points 
were stored. PBMC before the start of the coculture and plasma from the same time-point were also 
stored. Samples that were used for PCR amplification and sequencing were lysed in L6 lysis buffer 



4 

C h a p t e r  4

74

and DNA/RNA was isolated using a method described previously24. A reverse transcriptase reaction 
(RT) was performed on the RNA samples using the Superscript III RT kit (Invitrogen, Paisley, 
UK). The V1V5 region of the cDNA and DNA isolated from PBMC were PCR amplified using 5 μl 
of input. The following primers were used: 5’-GCCTTAGGCATCTCCTATGGCAGGAAGAA-3’ 
and 3’-CAGACAATAATTGTCTGGCCTGTACCGTCA-5’. A nested PCR was performed 
with the following primers: 5’-GAAAGAGCAGAAGACAGTGGCAATGA-3’ and 
3’-GTGCTTCCTGCTGCTCCTAAGA-5’. The obtained PCR products were sequenced clonally 
using the TOPO II cloning system (Invitrogen, Paisley, UK). Five to twelve clones of culture 
supernatant and plasma and/or PBMC were sequenced bi-directionally using the BigDye 
Terminator Cycle Sequencing kit and analyzed using an ABI 377 automated sequencer (Applied 
Biosystems, Foster City, CA, USA). The quality of the sequences was analyzed using CodonCode 
Aligner version 1.5.1, after which the sequences were aligned automatically in BioEdit. All 
sequences were adjusted manually with respect to the gp120 open reading frame according to 
reference sequences obtained from the Los Alamos sequence database (http://www.hiv.lanl.
gov). MEGA software was used for Neighbor-Joining phylogenetic analyses where the Tamura-
Nei parameter was used as distance parameter25. Similarity plots of the env gp120 V1V5 region 
were performed using the bootscanning method as implemented in the SIMPLOT program for 
studying sequence similarity26,27. The analysis was performed by calculating nucleotide distances 
for a sliding window of 200 nucleotides, moving along the alignment of a panel of reference 
sequences with increments of 20 base pairs. For each window, 100 replications were generated 
by the bootstrap method and the percent bootstrap values were plotted against the nucleotide 
position of the sequence of the reference panel. The number of potential N-linked glycosylation 
sites (PNGS) was calculated using the Los Alamos website and corrected for certain sequons that 
are glycosylated inefficiently28,29.

PbmC and tzm-bl  infect ions
The infectivity of the primary isolates generated on U87.CD4 cells was determined by bulk 
infection of CD4-enriched lymphocytes and by the 50% tissue culture infectious dose (TCID50) 
method30. PBMC isolated from multiple HIV-1 uninfected donors were pooled and stored at 
-150°C. Upon thawing, the cells were PHA-activated (2 μg/ml) for three days after which CD8+ 
lymphocytes were depleted using CD8 immunomagnetic beads (Invitrogen, Paisley, UK) and 
cultured for an additional two days. Bulk infections were performed using 200 μl of culture 
supernatant on 2.5 x 106 cells and viral replication was monitored over time using a CA-p24 
ELISA. The TZM-bl reporter cell line stably expresses high levels of CD4 and HIV-1 coreceptors 
CCR5 and CXCR4 and contains the luciferase as well as β-galactosidase genes under control of 
the HIV-1 promoter. The TZM-bl cell line was obtained through the NIH AIDS Research and 
Reference Reagent Program from Dr. J.C. Kappes, Dr. X. Wu and Tranzyme Inc. One day prior to 
infection, 2 x 104 TZM-bl cells were plated on a 96-well plate in DMEM containing 10% fetal bovine 
serum, 1x minimum essential medium nonessential amino acids and penicillin-streptomycin 
(both at 100 units/ml). Virus was added to the cells (0.2 ng of CA-p24) in the presence of 400 nM 
saquinavir (Roche, Mannheim, Germany) and 40 µg/ml DEAE in a total volume of 200 µl. Two 

days post-infection, the cells were washed with PBS and lysed in reporter lysis buffer (Promega, 
Madison, WI, USA). Luciferase activity was measured using a luciferase assay kit (Promega, 
Madison, WI, USA) and a Glomax luminometer according to the manufacturer’s instructions 

(Turner BioSystems, Sunnyvale, CA, USA). All infections were performed in triplicate and 
uninfected cells were used to correct for background luciferase activity.

Genbank access ion numbers
The sequences described in this study were allocated the following Genbank accession numbers: 
GU573770-GU573786.
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r E s u l t s

Generation of HIV-1 primary isolates using the u87.CD4 cell  l ine
It was tested whether culturing patient PBMC onto U87.CD4 cells would be a suitable 
method to obtain HIV-1 primary isolates representative of plasma variants. Fresh 
and frozen PBMC samples were included, derived from individuals representing a 
wide range of HIV-1 viral loads and harboring different HIV-1 subtypes (Table 1 and 
materials and methods). The cocultures were initiated using frozen PBMC samples 
(A001-A015). Subsequently, the assay was conducted in the field using fresh PBMC 
from 18 Ghanaian individuals infected with HIV-1 (K001-K021). On the day of sample 
collection, U87.CD4 cells expressing either the CCR5 or CXCR4 coreceptor were 
seeded and the following day cocultured with overnight PHA-activated PBMC. For 
samples A001-A015, the culture supernatant was monitored for virus production by 
CA-p24 ELISA and syncytia formation of the U87.CD4 cells, whilst for the Ghana 
samples syncytia formation was the primary read-out with CA-p24 levels in the culture 

Figure 1. HIV-1 replication of PBMC/U87.CD4 cocultures 
and influence of viral load. (A) HIV-1 replication curves 
of four patients demonstrating viral replication when 
coculturing patient PBMC with U87.CD4 cells. The Y-axis 
depicts log CA-p24 values of the culture supernatant and 
below the graphs the syncytia score is given, ranging from 
0 to ++++. 0: no syncytia; +: 0-5 syncytia per well; ++: 5-10 
syncytia per well; +++: 10-20 syncytia per well; ++++: >20 
syncytia per well. (B) Viral load values of patients with positive 
and negative culture outcome. The viral loads are depicted on 
the y-axis in logarithmic scale and the Mann Whitney test 
was used to compare values between both groups (p=0.0005).

b

a
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Table 1. Patient description and culture outcome

Patient pVLa (cps/ml) subtype
CD4  

(cells/μl)
1st CA-p24 positive

time-point peak CA-p24 values

A001 137,221 n.d. 210 day 12: 10 ng/ml day 23: 2,110 ng/ml
A002 71,103 n.d. 350 day 16: 4 ng/ml day 26: 176 ng/ml
A003 1,231,780 n.d. 180 day 9: 14 ng/ml day 16: 325 ng/ml
A004 10,000,000 n.d. 180 day 20: 0.6 ng/ml day 45: 275 ng/ml
A005 719,750 n.d. 540 day 9: 2 ng/ml day 26: 434 ng/ml
A006 1,852 n.d. 210 negative negative
A007 3,644,834 n.d. 230 day 14: 5.4 ng/ml day 31: 352 ng/ml
A008 n.d.b B n.d. day 13: 2 ng/ml day 27: 1,089 ng/ml
A009 n.d. n.d. n.d. negative negative
A010 n.d. B n.d. day 7: 1 ng/ml day 13: 450 ng/ml
A011 n.d. n.d. n.d. day 13: 3 ng/ml day 27: 866 ng/ml
A012 195,550 n.d. 1,090 day 7: 10 ng/ml day 11: 105 ng/ml
A013 8,992 n.d. 250 day 8: 1.4 ng/ml day 24: 391 ng/ml
A014 114,848 Bd 470 day 9: 2.2 ng/ml day 20: 50.3 ng/ml
A015 1,300,000 A n.d. CCR5: day 5: 261 ng/ml day 11: 1,300 ng/ml

CXCR4: day 5: 470 ng/ml day 8: 530 ng/ml
K001 198,396 CRF02_AG 416 day 21: 107 ng/mlc day 32: 154 ng/ml
K003 20,809 CRF02_AG 69 day 18: 165 ng/ml day 18: 165 ng/ml
K004 29,819 G 29 day 27: 117 ng/ml day 27: 117 ng/ml
K005 3,886 n.d. 74 negative negative
K006 <75 n.d. 972 negative negative
K008 47,447 CRF02_AG 684 day 33: 1.7 ng/ml day 33: 1.7 ng/ml
K009 6,027 n.d. 525 negative negative
K010 97,634 CRF02_AG 280 day 26: 84 ng/ml day 26: 84 ng/ml
K011 17,516 n.d. 982 negative negative
K012 <75 n.d. 632 negative negative
K013 7,793 CRF02_AG 497 day 19: 75 ng/ml n.d.
K014 167,792 CRF02_AG 454 day 19: 109 ng/ml n.d.
K015 3,376 n.d. 643 negative negative
K016 10,324 CRF02_AG 536 day 19: 117 ng/ml n.d.
K018 140,896 CRF06_cpx 296 day 21: 2.5 ng/ml day 27: 3.2 ng/ml
K019 59,048 n.d. 707 negative negative
K020 24,671 n.d. 1,154 negative negative
K021 6,166 CRF02_AG 666 day 24: 37.3 ng/ml day 32: 383 ng/ml

a plasma viral load in copies per ml
b n.d.: not determined. Viral load values and CD4 counts were not available for all individuals. HIV subtyping 

was only carried out on patients that were studied in depth. 
c For most Ghanaian patients (K001-K021) CA-p24 values were determined on two of the three time-points 

available. Values in this table are based on those two time-points.
d subtyping based on pol region
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supernatant determined later in Amsterdam. 13 out of 15 frozen PBMC samples 
(86.6%) demonstrated virus production as determined by syncytia readout and by 
CA-p24 ELISA. Figure 1A shows viral replication of four samples and demonstrates a 
strong association with syncytia formation. CA-p24 could be detected as early as day 
seven for three patients (20%) and reached occasionally values of 1 μg/ml or higher 
(Fig. 1A and Table 1). The majority of viral isolates were harvested within two weeks. 
Since viral replication of CXCR4-using HIV-1 variants was not detected, patient A015 
was included who harbored both CCR5- and CXCR4-using viruses. Both the U87.
CD4.CCR5 and CXCR4 cells produced virus (and displayed syncytia), demonstrating 
that this assay can also be used for production of CXCR4-using HIV-1 variants and 
providing a simultaneous read-out of coreceptor usage. The same assay was utilized 
in Ghana where a CA-p24 ELISA assay was not available. Culture supernatant was 
harvested solely on the basis of syncytia formation and was shipped back to the 
Netherlands where CA-p24 values were determined. Ten individuals demonstrated 
virus replication (55.5%) with p24 values ranging from 1.7 to 383 ng/ml. Overall, 
cocultures from 23 of the 33 patients (70%) produced virus, with some values reaching 
1 μg/ml. The ten patients with negative culture outcome (CA-p24 values below 0.1 ng/
ml) showed no clear syncytia formation.

A positive culture outcome may be related to the height of the viral load and this 
was investigated. The viral loads of the patients with a positive culture outcome were 
significantly higher (p=0.0005) than from patients with a negative culture outcome 
(median values 126,000 versus 3,886 copies per ml; Fig. 1B). The viral load and CD4 
count from one patient with a negative culture outcome was unknown. Six of the nine 
(66.6%) patients with a negative culture outcome, harbored viral load values below the 
patient group with positive cultures. This indicates that the level of viral replication is 
an important factor in determining culture outcome.

the primary isolates resemble closely the plasma-derived variants
In order to determine the extent to which the primary isolates resemble the patients’ 
plasma and/or PBMC HIV-1 population, the viral quasispecies from each compartment 
was clonally sequenced. Approximately ten sequences from the culture supernatant 
(sup) were compared to an equal number of plasma/PBMC-derived sequences for 
thirteen patients. Among all sequenced primary isolates, only a few defective genomes 
with stop codons or large deletions were present, showing that the vast majority of 
the produced isolates harbored functional envelopes. The primary isolates were highly 
representative of the viral quasispecies in the patients’ plasma and in two cases also 
of the PBMC, as concluded from phylogenetic analyses. This was the case for patients 
K001 and K013 (Fig. 2A) and also for patients K004, K014, K016, K018 and A015, and 
to some extent for A010 (supplementary data A). In five out of seven patients, part of 
the PBMC-derived sequences formed occasionally a separate branch in the tree and 
these can either be archival, latent or non-replicating variants. The primary isolates 
of patient A010 could be split into two groups, where the majority of isolates matched 
part of the PBMC-derived sequences (Fig. 2C). Four other sequences seemed to be of 
a different infecting HIV-1 strain and will be discussed later. For these eight patients, 
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Figure 2. Phylogenetic analyses: bootstrap neighbor-
joining phylogenetic trees of 1,000 replicates 
of the env V1V5 region of PBMC, plasma and 
primary isolates (culture supernatant or sup). Only 
bootstrap values over 80% are shown. The Tamura-
Nei parameter was used as distance parameter and 
the HXB2 sequence was included as the reference 
strain. (A) Two phylogenetic trees of patients whose 
primary isolates resemble closely plasma and PBMC 
sequences. (B) Example of a patient whose primary 
isolates differ slightly from the plasma sequences. 
(C) Phylogenetic trees of two patients whose primary 
isolates cluster significantly separate from the 
patients’ plasma and PBMC sequences.

C

a

b
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pairwise nucleotide distances were calculated among sequences from plasma, PBMC 
and culture supernatant. In figure 3A, the median genetic distance between the primary 
isolates and plasma/PBMC variants was equal to, or smaller than the genetic diversity 
within one of these subsets. This implies absence of selection for certain variants and 
demonstrates that the primary isolates are not significantly different from the variants 
in plasma/PBMC. 

The gp120 envelope characteristics of the generated viruses were further studied 
and compared to those from the plasma/PBMC variants. The V1V5 length, number 
of potential N-linked glycosylation sites (PNGS) and net V3 charge of all sequences 
were calculated. For the above mentioned seven patients and also for all but four 
isolates of A010, no or only minor differences were observed between the primary 
isolates and the plasma/PBMC sequences (Table 2). As described previously, patient 
A015 contained both CCR5- and CXCR4-using variants. A clear distinction between 
the differential coreceptor-using variants was observed in the phylogenetic analyses 
(supplementary data A). The plasma sequences that resembled the CCR5-using isolates 

Table 2. Sequence analyses

V1V5 length (# clones) # PNGSb V3 charge

Patient PBMC plasma
culture 

sup PBMC plasma
culture 

sup PBMC plasma
culture 

sup
K001 329 (11) 332 (9) 332 (11) 17 17 17 2 4 4

K003 n.d.a 335 (10) 362 (11) n.d. 24 27 n.d. 3 2

K004 n.d. 332 (12) 332 (11) n.d. 24 24 n.d. 4 4

K008 n.d. 334 (8) 334 (12) n.d. 21 22 n.d. 4 3

K010c n.d. 234 (11) 235 (9) n.d. 15 16 n.d. 3 1

K013 342 (11) 342 (10) 342 (11) 22 22 22 2 2 2

K014 345 (5) 344 (9) 346 (11) 22 22 22 4 4 3

K016 n.d. 354 (10) 352 (10) n.d. 23 23 n.d. 4 4

K018 n.d. 328 (10) 328 (11) n.d. 23.5 24 n.d. 2 2

K021 340 (12) 340 (6) 344 (12) 26 26 23 3 3 3

A008 349 (12) n.d. 346 (10) 23.5 n.d. 23 4 n.d. 4

A010_sup1d 341 (11) n.d. 341 (10) 21 n.d. 20 4 n.d. 3

A010_sup2 341 (11) n.d. 334.5 (4) 21 n.d. 22 4 n.d. 3

A015_R5c 186 (5) 187 (7) 186 (8) 12 11 12 4 3 3

A015_X4 186 (11) 186 (6) 186 (6) 11 11 11 5 5 5

All values are median values and the numbers in brackets in the columns of V1V5 length (in amino acids) 
are the number of clones sequenced for each compartment.
a n.d.: not determined, since for most patients either the plasma or PBMC compartment was analyzed.
b # PNGS = number of potential N-linked glycosylation sites.
c For patient K010 the V1C3 region was used for analysis and for patient A015 the C2C4 region was used.
d Culture supernatant sequences of patient A010 were split into two groups, one resembling the PBMC-

derived sequences and one group containing the dual infection.
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had a V3 charge of +3, indicative of CCR5 usage, while the CXCR4-using isolates and 
resembling plasma sequences harbored a V3 charge of +5, indicating possible CXCR4 
usage (Table 2).

The culture isolates of patients K008, K010 and A008 clustered separately from the 
respective plasma or PBMC sequences (Fig. 2B and supplementary data B). For K010 
and A008, this occurred with significant bootstrap values of 86% and 94%, respectively. 
The median genetic distance between the primary isolates and the plasma or PBMC 
HIV-1 variants was 2.5% for K008, 4.5% for K010 and 5.0% for A008 (Fig. 3B). These 
values were significantly higher (p<0.0005) than the diversity within either individual 
subset indicating selection of certain variants. From sequence analysis of patient A008, 
it was apparent that the PBMC sequences varied in V1V5 length, while the primary 
isolates had a length of 346 amino acids, which was the shortest detected length in the 
PBMC compartment. No changes in the number of PNGS or V3 charge were observed 
for this patient, whereas the viral isolates of patients K008 and K010 harbored one 
extra PNGS in the C2 and V2 region, respectively, when compared to the plasma 
sequences. The gp120 V3 charge of these patients also decreased. Concluding, the 
primary isolates of eight of the thirteen patients (61.5%), excluding the four sequences 
of A010, resemble closely the corresponding plasma isolates while three other patients 
harbor a changed viral population in their culture supernatant.

Detect ion of  HIV-1 dual  infect ion
All culture isolates of patients K003 and K021 and four of the thirteen isolates of A010 
formed a separate branch in the phylogenetic tree with a significant bootstrap value of 
100% (Fig. 2C and supplementary data C). Patient cross-contamination was excluded, 
since the primary isolates did not cluster with sequences from other patients (Fig. 4A). 
The observation that unrelated virus strains are positioned in between the plasma/
PBMC sequences and primary isolates of the same patient, suggests strongly that these 
individuals harbor dual infections (Fig. 4A). Next, the median genetic distance between 
the culture isolates and the plasma/PBMC-derived viral populations was calculated. The 
culture isolates differed between 18.8% and 36.7% from those obtained from plasma 

Figure 3. Pairwise nucleotide distances between primary isolates and plasma/PBMC-derived 
sequences. Depicted are the pairwise distances (in percentage) within and between sequences 
from PBMC, plasma and culture supernatant (sup). The horizontal bar depicts the median value, 
which is also placed above each data set. (A) Distance graphs whereby the median value of 
the intergroup distance (between culture supernatant and PBMC/plasma) does not exceed the 
median of the intragroup distance (diversity within the culture supernatant, plasma or PBMC) 
indicating lack of selection. The CCR5- and CXCR4-using primary isolates of patient A015 were 
placed in separate graphs and compared with similar PBMC and plasma sequences. Similarity 
was determined on the basis of phylogenetic and sequence analysis. (B) Distance graphs whereby 
the median intergroup distance exceeds the median of the intragroup distance, which is indicative 
of selection. *** The Wilcoxon signed rank test calculated a significant difference in diversity 
between the two groups (p<0.0001). (C) Distance graphs whereby the median intergroup 
distance exceeds the median intragroup distance to such an extent that this is indicative of dual 
infection (***: p<0.0001).
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Figure 4. HIV-1 dual 
infection of K003, K021 
and A010. (A) Bootstrap 
neighbor-joining  phy-
logenetic tree of 1,000 
replicates of the env C2V3 
region of all described 
individuals. Additionally, 
reference strains from the 
Los Alamos database were 
included. Only bootstrap 
values over 80% are 
shown and the Tamura-
Nei parameter was used 
as distance parameter. 
Primary isolate sequences 
are designated ‘sup’. (B-D) 
Similarity plots of the env 
gp120 V1V5 region of 
patients K003, K021 and 
A010 based on the bootstrap 
neighbor-joining tree using 
the Kimura-2 parameter. 
A representative plasma 
sequence was used as 
query with the percentage 
of similarity to the other 
sequences plotted on the 
y-axis. The window size 
is 200 base pairs with 20 
nucleotide step increments.
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or PBMC (Fig. 3C; p<0.0001). These values again point to HIV-1 dual infection. This 
was confirmed by simplot analyses for all three patients, where unrelated virus strains 
were at comparable genetic distance from the plasma/PBMC sequences as are the 
culture isolates (Fig. 4B-D). The detection of recombinant viruses K003_plasma6 and 
A010_sup3b provide ultimate evidence for the presence of a dual infection. The culture 
isolates were of the same subtype as the virus in the plasma/PBMC compartment. The 
gp120 V1V5 envelope characteristics of the culture isolates were compared with the 
patients’ plasma/PBMC sequences to investigate whether differences exist that might 
affect CCR5 usage. Increased CCR5 affinity might explain the appearance of these 
viruses in the culture supernatant. The culture isolates of K003 and A010 harbored 
envelopes with reduced V3 charge, while K021 and A010 contained less PNGS in the 
V1V2 region. The isolates of all patients had different amino acids at positions in the 
V3 loop and bridging sheet, affecting possibly coreceptor binding.

the pr imary i solates  are infect ious  for  PbmC and tzm-bl  ce l l s
Since the primary isolates were characterized genetically, their infectivity for PBMC 
and TZM-bl cells was determined. First, the TCID50 on CD4-enriched lymphocytes was 

D
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calculated by a volume-based limiting dilution of the primary isolates30. The resulting 
TCID50 values varied from 34 to 46,666 per ml with some isolates showing modest viral 
replication. All U87.CD4 generated virus isolates productively infected CD4-enriched 
lymphocytes. All isolates demonstrated viral replication, with two cultures reaching 
over 20 ng/ml CA-p24 at day seven (Fig. 5A). Ten days after infection, fresh cells were 
added for boosting viral replication. CA-p24 levels of all cultures increased from just 
above the level of detection at day 10 up to one log or more at day 17 (data not shown). 
Small volumes of U87.CD4 cell generated viral stocks could productively infect CD4-
enriched lymphocytes, making these isolates suitable for further studies. Since TZM-bl 
cells are used widely in a number of phenotypic assays, the infectivity of the culture 
isolates were tested on these cells. The infections were carried out in triplicate using 
0.2 ng of CA-p24 as input. All tested isolates had high TZM-bl infectivities (Fig. 5B). 
The levels were comparable to control infections with stocks of the HIV-1 strain 299.10 
that were generated previously31. When the infectivities of the primary isolates were 
compared with other virus strains in previous TZM-bl infections, the isolates reached 
comparable or higher levels of infectivity with low CA-p24 input (unpublished results).

D I s C u s s I o n

Cocultivating patient PBMC with U87.CD4 cells expressing various coreceptors is 
a simple method for generating HIV-1 primary isolates. Productively infected U87.
CD4 cells form characteristic syncytia and can be distinguished easily from uninfected 
cultures32. This method has additional advantages over donor PBMC cocultures. The 
use of one cell line instead of donor PBMC is a more standardized method of virus 
production overcoming the variation in donor PBMC for susceptibility to HIV-1 
infection7,9. Higher CCR5 expression levels over PBMC can also attract weak CCR5 
binding variants that may be excluded when coculturing with donor PBMC. Positive 
culture outcome was largely dependent on the height of viral load and also CD4 count 
seemed to be of influence. Seven out of nine individuals with negative culture outcome 

Figure 5. Infectivity of the primary isolates. (A) Viral replication on CD4-enriched lymphocytes 
using 200 μl culture supernatant. (B) Median values of a triplicate TZM-bl infection using 0.2 
ng CA-p24. Error bars indicate the range and the infectivity level of the 299.10 viral isolate was 
used as reference.
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had a CD4 count of more than 500 copies per μl. A viral load higher than 7,000 copies 
per ml resulted in a positive culture outcome in 86.4% of the cultures. For two patients, 
more factors will be involved since their viral loads were comparable with those from 
patients with positive culture outcome. One of these factors may be cellular infection 
levels. The relatively well-preserved CD4 counts of patients K011, K019 and K020 of 
over 700 cells per μl, are indicative of a low number of infected CD4+ lymphocytes 
influencing the culture outcome33,34. In all likelihood, addition of a higher number of 
activated PBMC to the U87.CD4 cells may be beneficial in generating isolates from 
patients with low viral loads provided that this does not affect the U87 cell viability 
nor has other adverse effects. Cultures performed including up to 2x106 PBMC had no 
evidence of such events.

The primary isolates of patients K008, K010 and A008 harbored different amino 
acids at positions across the entire V1V5 region. The amount of different residues and 
the limited time-span of culturing suggests outgrowth of a minor PBMC population, 
which was undetectable in plasma. The lower V3 charges observed in isolates from 
K008 and K010 may have occurred through selection for viruses with increased affinity 
for the CCR5 coreceptor35. All other observed changes outside the V3 region were 
predicted not to have any influence on CCR5 usage36,37. However, these observed 
alterations have arisen in the absence of an immune response and may change the gp120 
envelope structure and thereby modulating virus replication capacity. Apart from the 
dual infections in patients K003, K021 and A010, only one mutation in eleven patients 
was observed, which had a direct and major effect on coreceptor usage. However, this 
conclusion is based solely on literature and without testing these mutations in the 
context of the autologous virus. Because of the low number of functionally significant 
mutations influencing CCR5 affinity, the isolates may be used for further phenotypic 
analyses. These can be testing of novel entry inhibitors or novel components of 
antiretroviral therapy at the site of virus isolation.

The viruses in the culture supernatant of patients K003, K021 and A010 had different 
envelope characteristics compared to the plasma variants regarding V3 charge, V1V2 
length and glycosylation (Table 2). Since all these variables influence coreceptor usage, 
the appearance of different viral variants in the culture supernatant may be due to 
higher CCR5 affinity of these variants over the other quasispecies31,38-43. An explanation 
for why these strains were undetectable in plasma/PBMC of these individuals could be 
their suppression by immune pressure. These isolates harbored different amino acids 
at positions involved in coreceptor binding36,37. However, the alternative residues were 
observed frequently and possessed often a similar structure and may therefore affect 
only marginally coreceptor binding. Competition experiments on both lymphocytes 
and U87.CD4 cells may shed more light on the fitness of both variants for each 
cell type. Three out of thirteen patients (23%) were harboring dual infections. This 
percentage is higher than what has been described in literature, with values ranging 
from 1% to 9% in normal-risk populations44,45. This implies that this coculture assay 
seems suitable to pick up dual infections with the notion that the undetectable strain 
must have the capacity to replicate better than the predominant strain. Since material 
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from only thirteen patients was sequenced, analyzing more culture isolates is required 
for a more accurate estimate of detection of dual infections.

High variation was observed when determining TCID50 values on CD4-enriched 
lymphocytes. The production of viral particles by a different cell type may influence 
the infectivity due to differential incorporation of cell membrane proteins46-48. Whether 
the obtained primary isolates have similar neutralization capacities as the patients’ 
plasma variants remains to be determined. For patients K008, K010 and A008 both the 
2G12 and b12 epitopes were preserved49,50. The neutralization sensitivity can change by 
passage on cell lines and also on PBMC and should be considered when using this assay 
for neutralization studies51-53. In addition, cell-specific post-translational modifications 
may also influence other aspects of the virus such as binding to CD4 or one of the 
coreceptors. Testing such characteristics is required before routinely using a cell line-
based assay. When treating a patient with CCR5 inhibitors, there is a need for detection 
of CXCR4-using variants that may emerge earlier in a patient due to such therapy54. 
The assay described in this manuscript may be used for detection of viruses that use 
CXCR4, since it was successful in generating such variants from PBMC of patient 
A015. In case this assay will be used for this purpose, the sensitivity in detecting these 
variants needs to be determined and compared with other assays designed for detection 
of CXCR4-using viruses55. If a patient harbors HIV-1 variants that use both CCR5 
and CXCR4, an additional coculture using U87 cells expressing both these coreceptors 
will enable the isolation of such dual-tropic variants without selecting for variants that 
possess a preference for one of these coreceptors. This assay produces primary isolates 
of various subtypes and phenotypes. Since the predominant subtype C has been shown 
to demonstrate similar gp120 envelope changes upon coreceptor switch, it is expected 
that this assay can also be used for generating isolates from individuals infected with 
this subtype56.

In conclusion, by cocultivating patient PBMC with U87.CD4 cells, HIV-1 primary 
isolates are generated without requiring donor PBMC or CA-p24 ELISA. These isolates 
represent accurately the plasma viral quasispecies for the majority of individuals, 
whereas in some patients outgrowth of a different viral population was observed. The 
primary isolates can productively infect CD4-enriched lymphocytes and are highly 
infectious for TZM-bl cells, thereby providing material for further characterizations.
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Supplementary data. Phylogenetic analyses of remaining patients. Bootstrap neighbor-joining 
phylogenetic trees of 1000 replicates of the env V1V5 region of PBMC, plasma and primary 
isolates (culture supernatant or sup). Only bootstrap values over 80% are shown. The Tamura-
Nei parameter was used as distance parameter and the HXB2 sequence was included as reference 
strain. (A) Phylogenetic trees of patients whose primary isolates closely resemble plasma and 
PBMC sequences. (B) Two examples of phylogenetic analyses of patients, whose primary isolates 
slightly differ from the plasma sequences. (C) Phylogenetic tree of K003 whose primary isolates 
significantly cluster separate from the plasma sequences.




