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Two frequently employed methods for generating well-characterized, genetically defined infectious human
immunodeficiency virus type 1 in vitro include the use of infectious molecular clones (IMCs) and pseudoviruses
(PVs) competent for single-round infection. We compared six matched pairs of IMCs and PVs. The relative
amounts of Env incorporated and efficiency of cleavage differed substantially between the two systems. Altering
the ratio of proviral genome and env expression plasmids can produce pseudovirions that are structurally more
similar to the matched IMCs. Differences in Env incorporation and cleavage translated into moderate differ-
ences in assays infectivity and sensitivity to neutralizing antibodies and entry inhibitors.

In 2005, the Global Vaccine Enterprise called for the stan-
dardization of assays and put forth a strong suggestion for the
use of pseudovirus (PV)-based assays (16). While there are a
number of important advantages provided by the PV system
(16) and significant efforts have gone into optimization and
standardization (5, 8, 13, 16, 18, 23), the report highlighted a
number of key areas that were in need of further study. One
area was the careful comparison of replication-competent vi-
ruses and PVs with respect to envelope (Env) processing and
incorporation and the effects that any differences may have on
the outcome of assays.

The creation of an infectious molecular clone (IMC) that
represents the full proviral genome of a human immunodefi-
ciency virus (HIV) variant allows the precise characterization
and genetic manipulation of an isolate (1). In the IMC, the
HIV long terminal repeat is used as a promoter to drive ex-
pression of the genome, and mRNA quantity and splicing are
therefore the same as in native virions. The creation of IMCs
can be technically challenging and therefore represents a
substantial bottleneck in fully characterizing the numerous
variants present within an individual. The PV system pro-
vides a more manageable alternative wherein the env gene is
on a separate expression vector from the rest of the genome
and is expressed with an exogenous constitutive promoter,
most frequently that of the cytomegalovirus immediate-
early 1 gene (6).

Although previous reports have begun to compare IMCs
and PVs (11, 12, 15, 20), the data remain inconclusive. To
address areas where an extensive comparison has not yet been

made, this study analyzed six matched pairs of HIV type 1
(HIV-1) IMCs and PVs that contain identical genomes. The
study focused on four key parameters known to influence
HIV-1 function and infectivity: Env cleavage into gp120 and
gp41, total Env incorporated into the virion, viral infectivity,
and sensitivity to inhibitors that target different steps in viral
entry.

To directly compare virions produced from the IMC and PV
systems, we used the env sequences of six previously described
maternal primary HIV-1 isolates (22, 27). This sample set
comprised three clade A isolates (208.A3, 505.H3, and
505.C2), two C/D recombinants (184.G3 and 184.E4), and one
D/A recombinant (535.B1). Q23�env (14, 21) was used at a
by-mass 20:1 backbone/env ratio (except where noted other-
wise) to complement the env expression plasmids and create
PV, as previously described (4). To generate proviral chimeras
for making IMCs, the same Q23-17 plasmid was engineered to
have an XhoI restriction site in nef at position 8360 and an
XhoI site was removed from the 3� polylinker, allowing the
native env gene to be excised with the restriction enzymes SmaI
and XhoI. Therefore, vpu, rev, and env were isolate specific,
while the remaining genome was derived from the Q23 back-
bone. The Q23 derivative Q23Xho�Xho (E. M. Long and J.
Overbaugh, unpublished data) was used to create IMCs by
directly ligating in the env gene of interest at the SmaI/XhoI
sites. Full env sequencing was performed to verify the presence
of the appropriate env gene. All virus preparations were gen-
erated by transfection of the same commonly used cell line,
HEK293T cells.

Purified virions were analyzed for Env incorporation and
Env cleavage (amount of gp120 relative to that of unprocessed
gp160). A compilation of quantitative Western blot assays is
shown in Fig. 1A and shows representative data, obtained as
previously described (4), for each matched pair. The observed
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variation in Env mobility between isolates is consistent with the
expected sizes of the Env proteins based on the numbers of
amino acids and potential N-linked glycosylation sites. A dou-
ble banding pattern was present in the uncleaved gp160 form
of some variants, an observation that has been consistently
reported by others and is believed to represent a highly sialy-
lated form of Env (2, 9, 11, 17, 19). The low Env expression
level of PVs 184.G3, 184.E4, and 505.H3 required the exposure
intensity to be optimized for each virus pair. Since the LI-COR
Odyssey system has a wide linear range (25) and the calculated
values rely upon the ratio of the bands within the same lane,
this manipulation had no impact on the calculated values. All
comparisons of matched data were analyzed on the same gel by
using the same manipulations.

Each IMC-PV pair exhibited relatively equivalent levels of
p24 (Fig. 1A, bottom), suggesting that the overall amounts of
virions produced by the IMC and PV systems were similar (7).
However, the amount of virion-associated Env differed be-
tween the two models (Fig. 1B) and was frequently lower in the
PV system. The relative percentage of cleaved Env also dif-

FIG. 2. Infectivity of IMC and PV matched pairs. Matched IMC
(gray bars) and PV (black bars) pairs are shown. Infectivity was cal-
culated as relative light units (RLU) normalized to p24 integrated
intensity. Each sample was analyzed a minimum of four times, and
mean values � the standard errors of the means are shown. All
matched pairs are significantly different by the Mann-Whitney test
(P � 0.05).

FIG. 1. Env incorporation and cleavage of matched IMC-PV pairs. (A) Representative Western blot assays of six matched IMC-PV pairs. The
gp160 and gp120 bands for each pair are indicated by arrowheads, as differences in variable loop length and carbohydrate numbers resulted in
variations in band migration. Matched Gag p24 (p24) bands are shown along the bottom. The integrated intensity (i.i.) of each band was quantified
from a minimum of three independent experiments. (B) Virion Env incorporation was calculated with the formula (gp120 i.i. � gp160 i.i.)/p24 i.i.
For each variant, the IMC value was set at 1, PV was calculated relative to the matched IMC, and data were analyzed with a one-sample t test.
(C) Percent cleavage was calculated with the formula gp120 i.i./(gp120 i.i. � gp160 i.i.). Matched IMC and PV values were compared by the
Mann-Whitney test. An asterisk denotes P � 0.05, and error bars represent the standard error of the mean.
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fered significantly between the matched IMC and PV, again
revealing that the PV more frequently had lower levels of
cleaved gp120 Env (Fig. 1C). The most striking example of this
was seen with variant 505.C2, where 90% of the total Env was
in the cleaved (gp120) form in the IMC but only 24% was
cleaved in the PV.

In order to determine if the observed physical differences
impact measurements of biological significance, we assayed
matched pairs for infectivity and neutralization sensitivity. Vi-
rus titers were determined on Tzm-bl cells by a previously
described method (4) wherein relative light units from the
linear part of the curve are normalized to p24 values from the
same preparation. All six matched pairs exhibited statistically
significant variability in infectivity, though the nature of the
differences varied in direction and magnitude (Fig. 2). Neither
Env incorporation nor Env cleavage alone could completely
account for the direction of the difference.

Two matched pairs, 505.C2 and 208.A3, were further tested
against four entry inhibitors by using the Tzm-bl neutralization
assay as previously described (4, 27). These pairs were selected
because the matched IMC and PV demonstrated marked dif-
ferences in Env incorporation, Env cleavage, and viral infec-
tivity while providing robust titers to perform neutralization
assays. This analysis used monoclonal antibodies (MAbs) 4E10
and IgG1-b12 (b12), the fusion inhibitor T-20, and the CCR5
inhibitor TAK-779 to target different epitopes on Env and
different stages of viral fusion to the target cell as previously
described (3, 10, 24, 26).

In both sets of data, the overall profile of neutralization/
inhibition sensitivity was generally similar between the
matched IMC and PV. The 50% inhibitory concentrations for
all but one analysis were less than 2.5-fold different between
IMC and PV, a benchmark frequently used to identify a sig-
nificant difference in neutralization sensitivity. For isolate
505.C2, there was a modest though consistent trend for the PV
to be more sensitive than the IMC to neutralization by all of
the MAbs and entry inhibitors tested (Fig. 3). However, the
most dramatic difference was seen with T-20, which required a
concentration to neutralize the IMC that was fivefold higher
than that required to neutralize the PV (50% inhibitory con-
centrations of 0.5 and 0.1 �g/ml, respectively), yet the differ-
ence only trended toward significance (P � 0.07, Mann-Whit-
ney test). The 208.A3 matched pair did not exhibit any
consistent patterns in sensitivity and showed an overall similar
profile between the IMC and PV.

Although little difference was observed between the neutral-
ization/inhibition data obtained with either IMCs or PVs, there
were unpredictable differences in infectivity combined with the
marked differences in Env incorporation and cleavage. This
result is likely based on the overexpression of Env in the PV
system when the gene exists on a separate plasmid under the

control of its own promoter, particularly a strong promoter
such as that of the human cytomegalovirus immediate-early 1
gene.

This led us to test if the amount of env plasmid present in the
transfection system was responsible for the observed differ-
ences in virus outcome and to discern if the two systems could
be made more congruent. A panel of PVs was created with
various backbone/env plasmid ratios. The total amount of
transfected DNA was held constant, while the relative amount
of env plasmid was decreased. For each variant, PV reparations
were made at backbone/env plasmid mass ratios of 1:1, 2:1,
10:1, 20:1, 40:1, and 80:1. The 505.C2 and 535.B1 isolates were
used in this analysis.

Not surprisingly, as the backbone-to-env plasmid ratio in-
creased (and therefore the relative amount of env plasmid
decreased), the amount of virion incorporated Env also de-
creased dramatically (Fig. 4A). This was true for both 535.B1
and 505.C2. The total amount of p24 stayed relatively constant
(Fig. 4A) despite the increase in backbone plasmid. The net
result was less Env per virion as determined by the formula
(gp120 i.i. � gp160 i.i.)/p24 (Fig. 4B, solid lines). Decreased
amounts of env plasmid also corresponded to higher levels of
Env cleavage in both of the isolates tested (Fig. 4B, dashed
lines). For variant 505.C2, PV produced with the lowest
amount of env plasmid (80:1 ratio) approached the level of
cleavage (90%) seen in the matched 505.C2 IMC (compare
Fig. 4B, dashed line, to 1C). Likewise, the 535.B1 PV produced
with the lowest amount of env plasmid (80:1 ratio) exceeded
the level of cleavage seen with the matched IMC (51 and 39%,
respectively, compare Fig. 4B, dashed line, to 1C). For both of
the 505.C2 and 535.B1 variants, the lower amount of env plas-
mid (80:1 ratio), which corresponded to less Env incorporation
and higher Env cleavage, also resulted in decreased infectivity
(Fig. 4C) spanning 2 log orders of magnitude. This lower in-
fectivity in the PVs at the 80:1 ratio for both 535.B1 and 505.C2
is consistent with lower infectivity of the IMCs in these pairs
(Fig. 2).

In light of the need for a thorough comparison of the PV and
IMC systems, this study presents a systematic analysis of four
key areas in which the two systems of virus production may
vary biochemically and/or phenotypically: Env virion incorpo-
ration, Env cleavage, viral infectivity, and sensitivity to entry
inhibitors. This provides a direct comparison of the IMC and
PV systems when virions are produced from the same fre-
quently used producer cell line, HEK293T cells. A central
finding of this study is that matched IMCs and PVs do not
produce physically equivalent virions when constructed in the
manner described. We found equal or significantly greater Env
processing in the IMC for all six samples. The total Env incor-
poration was more variable; both the PV and IMC exhibited
greater incorporation, depending on the isolate. Additionally,

FIG. 3. Neutralization sensitivity of matched pairs for 505.C2 and 208.A3. The matched IMC and PV for 505.C2 (left panels) and 208.A3 (right
panels) were tested against MAb 4E10 (recognizes gp41), MAb b12 (recognizes CD4 binding site), the fusion inhibitor T-20, and the CCR5
inhibitor TAK-779, as indicated. The x axis is the log2 concentration of MAb (nanograms per milliliter), T-20 (nanograms per milliliter), or
TAK-779 (micromolar). The y axis denotes percent neutralization calculated with the formula (background-normalized virus only � background-
normalized virus with entry inhibitor)/background-normalized virus only. Each curve represents the mean � the standard error of the mean of at
least three independent experiments. None of the matched pairs reached significance by the Mann-Whitney test (P � 0.05). Open symbols denote
IMC, and closed symbols denote PV. The 50% inhibitory concentration is marked with a dashed line.
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all six pairs exhibited statistically significant differences in in-
fectivity with a range of magnitudes and directions. Despite
these differences, previous work by Louder et al. (15) demon-
strated no difference in neutralization sensitivity in three clade
B viruses. Our study corroborates this finding with two clade A
viruses, providing further validation of the PV system for de-
termination of neutralization and inhibition sensitivity. For the
characteristics in which the IMC and PV do exhibit differences,
our study demonstrates a simple technique for reconciling
these differences by varying the backbone/env ratio, allowing
the use of the PV for biochemical analyses.
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