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the matched co-culture were high (Figure 4a). In the presence
of AMD3100, the RL activity of the co-culture of 293FT cells
expressing NL4-3-derived env with N4X4-DSP, ; cells was
reduced by 83%. The RL activity of the co-culture of 293FT cells
expressing Bal-derived env with N4X4-DSP;_5 cells was low in
the absence of AMD3100 and was not affected significantly by
its presence. The RL activity of the co-culture of 293FT cells
expressing BalL-derived env with N4R5- DSP,_; was reduced by
81% in the presence of maraviroc. The RL activity of the co-
culture of 293FT cells expressing NL4-3-derived env with
N4R5- DSP,_; was low regardless of the presence or absence
of maraviroc. The results indicated that DSP-Pheno could be
used as an assay for entry inhibitors.

Figure 4.

Cell-fusion assay of clinical samples

To evaluate assay performance using clinical samples, we
selected plasma samples from 101 treatment-naive, HIV-1-
positive patients, whose infection with clade B viruses had
been confirmed (data not shown). The patient population
was classified into two groups based on CD4 T cell count. The
low CD4 group consisted of 57 patients with CD4 T cell counts
<350 cells/m; median 228 (range 2-350) cells/m, and
median viral load was 4.77 (range 2.97-6.62) log 10
copies/ml (Figure 5a and b). The high CD4 group consisted
of 44 patients with CD4 cell counts >350 cells/m; median
442 (range 351-843) cells/m, and median viral load was 4.04
(range 1.60—5.41) log 10 copies/ml. The viral load differences

Inhibition of cell fusions by entry inhibitors. Two nM/well of CXCR4 inhibitor AMD3100 or CCR5 inhibitor maraviroc were added

into N4X4-DSP; ; and N4R5-DSP; , cells 90 minutes prior to cell-fusion assay using env derived from reference strains.(a) RL activities.
Columns show the mean RLU +SD from 5 independent experiments. Black columns, RL activities of env derived from X4 reference strain
(NL4-3); white columns, RL activities of env derived from R5 reference strain (BaL). Results from X4-indicator (N4X4-DSP,_;) (lanes 1-4) and
R5-indicator (N4R5-DSP;_5) (lanes 5—8). A, AMD3100; M, maraviroc. Presence or absence of inhibitor indicated by + or —, respectively. (b)
GFP activities. Green fluorescence in the left panel of each pair shows successful cell fusions; red spots in the right panels show the successful
transfection. Reference strains, indicator cells and inhibitors used are shown in the figure.
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Figure 5. DSP-Pheno and Geno2Pheno on clinical samples. Patients were assigned to one of the two groups based on CD4+ T cell counts.
Horizontal green bars indicate the median value. (a) CD4 counts of the patients. Lane 1, Fifty-seven patients with CD4 <350 cells/pl,
median =228 (range 2—350) cells/pl. Lane 2, Forty-four patients with CD4 > 350 cells/pl, median 442 (range 351—-843) cells/pl. (b) Viral load
of each group. Lane 1, CD4 <350 group, median viral load =4.77 (range 2.97—-6.62) log10 copies/ml. Lane 2, CD4 < 350 group, median viral
load =4.04 (range 1.60—5.41) log 10 copies/ml. (c) Mean luciferase activities of the patients’ plasma samples. Lanes 1 and 5, CD4 < 350 group;
lanes 2 and 6, CD4 > 350 group; lanes 3 and 7, R5 controls (BaL); lanes 4 and 8, X4 controls (NL4-3). Dashed red lines are the cut-off value, that
is, the mean value+2SD based on 3 three determinations in 12 independent experiments for each combination of negative control and
indicator cell. (d) Geno2Pheno [co-receptor] analysis of representative samples. Lane 1, 10 samples from dual/X4 [N4X4-DSP,_; (+), N4R5-
DSP;_5 (+)] group by DSP-Pheno; Lane 2, 10 samples from R5 [N4X4-DSP,_; ( —), N4R5-DSP;_; (+)] group by DSP-Pheno. For dual/X4 and R5
group, five patients each from CD4 < 350 and CD4 >350 groups were chosen. Dashed line indicates the cut-off value as 10% of FPR.

between the two groups were statistically significant by the
Mann—Whitney U test (p <0.001). Aliquots of viral envelope
DNA from each plasma sample were used to construct
pRE11-envbulk for transfection into 293FT cells. The plasma
viral load necessary for the assay was roughly 3.00 log 10
copies/ml for subtype B viruses, although we could amplify
the env gene in a patient with 1.60 log 10 copies/ml.

We used the laboratory strain, Bal as the R5 control and
NL4-3 as the X4 control to define the cut-off values. We
examined BalL on N4X4-DSP,_, cells and NL4-3 on N4R5-
DSP,_5 cells. We defined the cut-off value tentatively as the
mean value+ 2SD based on 3 determinations in 12 indepen-
dent experiments for each combination of negative control
and indicator cell (red dashed line in Figure 5c). As expected,
both combinations showed stably low RL activities, with cut-
off values of 876 for N4X4-DSP,_; cells and 397 RLU for
N4R5-DSP,_ cells.

Samples from all patients gave positive RL signals on R5
indicator cells (N4R5-DSP; ;) in the fusion assay, which
suggested that the bulk of virus in each patient was able to

use CCR5 as the co-receptor (Figure 5c, lanes 5 and 6).
Median RLU value of the low CD4 group was significantly
higher than that of the high CD4 group on R5 indicator cells
(p <0.0001). Median RLU value of the low CD4 group was
also higher significantly on X4 indicator cells (p =0.0097) and
26/57 (46%) of low CD4 cases versus 15/44 (34%) of high CD4
cases gave positive RL signals (Figure 5c, lanes 1 and 2).
Higher fusion activities on both indicator cells are compatible
with higher viral loads in patients with lower CD4 T cell
counts and may suggest more dual or X4 tropic (dual/X4)
viruses in this group of patients.

To compare the result with conventional GTA, we selected
10 samples each from dual/X4 [N4X4-DSP, ; (+), N4R5-
DSP; 5 (+)] and R5 [N4X4-DSP; 5 (—), N4R5-DSP; 5 (+)]
cases. Env V3 nucleotide sequences from pRE11-envbulk
plasmids were subjected to the Geno2Pheno [co-receptor].
R5-representative samples showed significantly higher
FPR than dual/X4-representative samples (p =0.0009)
(Figure 5d). DSP-Pheno and Geno2Pheno gave concordant
results in 10/10 R5 and 6/10 dual/X4 samples (Figure 5d).
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Although there were four samples with discordant result in
dual/X4 samples, FPR of these samples were low (range:
14.7-23.6%).

Discussion

We developed a quick, safe and sensitive HIV-1 PTA utilizing
double split proteins (DSP-Pheno) and validated the specificity
of the assay using laboratory strains with known co-receptor
usage. We recognize several limitations of this preliminary
study, but the results nevertheless are promising. We assayed
bulk envelope genes amplified from plasma from HIV-1-
infected patients, rather than cloned envelope genes, and
our sample only included subtype B HIV-1. Future studies are
necessary to demonstrate the usefulness of the DSP-Pheno.

One caveat of the DSP-Pheno assay is that it is a cell-fusion
system, and cell—cell fusion may differ in significant details
from virus—cell fusion. For example, recent studies have
shown that HIV-1 virions carry fewer surface glycoproteins
than previously assumed [24]. The DSP-Pheno assay uses
neuroglyoma cell-derived NP-2 cell lines with overexpressed
CD4 and co-receptors. Although these NP-2-derived cell lines
have been characterized extensively [16,17], some unknown
cell surface molecules may be involved in the fusion process.
The DSP-Pheno assay is a gag-free system and requires only
the assembly of reporter proteins pre-formed in the fusion
partner, but infection by a retrovirus requires that the entire
gag particle pass through the fusion pore. Careful comparison
between DSP-Pheno and in-house pseudoviral assay or GTA
using clonal clinical isolates is under way.

GFP portion is necessary as a module of DSP to
compensate weak self-association of split RL [15]. Although
RL would be more suitable for quantitative assay, GFP may
prove single clear positive fusion in the sample with very low
RL readout. This feature of DSP-Pheno incorporating two
different assays may be useful for certain scientific purposes.

Although several issues remain to be clarified, DSP-Pheno
has multiple advantages over the conventional pseudoviral
PTA: (i) the turnaround time for DSP-Pheno is short, with
results available in as few as 5 days, starting from patients’
plasma; (ii) DSP-Pheno is a virus-free assay that does not
require a special biosafety facility, making it particularly
appealing for in-house use; and (iii) the RL assay in DSP-
Pheno has high sensitivity and specificity and compares
favourably with the best pseudoviral PTA published in the
detection of minor X4 populations using laboratory strains.
Trofile™ (Monogram Biosciences Inc., CA, USA) is currently
the only commercially available PTA approved for clinical use,
and the latest version, “Enhanced Trofile™,” detects X4 minor
populations present in concentrations as low as 0.3% [25].
A pseudoviral PTA described by Soda and colleagues had
1% detection threshold for X4 viruses [16]. Although the RL
assay in DSP-Pheno could detect X4 laboratory strains
present in concentrations as low as 0.3%, further studies
are needed to apply the assay for the clinical use. DSP-Pheno
may also be useful for the comparison of with GTA to
improve the algorithm for the co-receptor usage of non-B
subtypes.

Conclusions

We described a new cell-fusion-based, high-throughput PTA
for HIV-1, which would be suitable for in-house studies.
Equipped with a two-way reporter system, RL and GFP, DSP-
Pheno is sensitive and offers a short turnaround time.
Although maintenance of cell lines and laboratory equipment
for the assay is necessary, it provides a safe assay system
without infectious viruses. With further validation against
other conventional analysis, DSP-Pheno may prove to be a
useful laboratory tool. The assay may be useful especially for
the research on non-B subtype HIV-1 whose co-receptor
usage has not been studied much.
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