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ABSTRACT HIV can spread by both cell-free and cell-to-cell transmission. Here, we
show that many of the amino acid changes in Env that are close to the CD4 binding
pocket can affect HIV replication. We generated a number of mutant viruses that
were unable to infect T cells as cell-free viruses but were nevertheless able to infect
certain T cell lines as cell-associated viruses, which was followed by reversion to the
wild type. However, the activation of JAK-STAT signaling pathways caused the inhi-
bition of such cell-to-cell infection as well as the reversion of multiple HIV Env mu-
tants that displayed differences in their abilities to bind to the CD4 receptor. Specifi-
cally, two T cell activators, interleukin-2 (IL-2) and phorbol 12-myristate 13-acetate
(PMA), both capable of activation of JAK-STAT pathways, were able to inhibit cell-to-
cell viral transmission. In contrast, but consistent with the above result, a num-
ber of JAK-STAT and mTOR inhibitors actually promoted HIV-1 transmission and
reversion. Hence, JAK-STAT signaling pathways may differentially affect the replica-
tion of a variety of HIV Env mutants in ways that differ from the role that these
pathways play in the replication of wild-type viruses.

IMPORTANCE Specific alterations in HIV Env close to the CD4 binding site can differen-
tially change the ability of HIV to mediate infection for cell-free and cell-associated vi-
ruses. However, such differences are dependent to some extent on the types of tar-
get cells used. JAK-STAT signaling pathways are able to play major roles in these
processes. This work sheds new light on factors that can govern HIV infection of tar-
get cells.
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HIV-1 infection of cells can be efficiently established by free virus or directly via
cell-cell contact, both involving the binding of the HIV gp120 protein to the

cellular CD4 receptor and either the CCR5 or CXCR4 coreceptor (1–3). It has been
reported that cell-to-cell transmission is more physiologically relevant and efficient
although cell-free HIV may be used to initiate new infections in tissue culture (4–7).

HIV-1 entry into target cells is believed to be a multistep and complex process
initiated by the envelope protein gp120 binding to cell surface CD4, triggering con-
formational changes of gp120, followed by a second-step interaction between gp120
and either CXCR4 or CCR5, resulting in fusion between the viral envelope and the
cellular plasma membrane (8). In addition to viral gp120 and other viral proteins,
several host cell components, including intrinsic immune factors (9) and histocompat-
ibility antigens, can influence HIV infectivity (10, 11). However, some viral factors can
also counteract innate host defense mechanisms (12). It has also been reported that HIV
can under some circumstances enter target cells via a CD4/coreceptor-independent
mechanism (13–18), potentially broadening the spectrum of cells that HIV is able to
infect.
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HIV has very high genetic variability and evolves quickly. The viral population in an
infected individual is highly heterogeneous due to the error-prone nature of reverse
transcriptase and may contain diverse viral swarms, termed quasispecies, that are
similar but genetically distinct (19–21). This heterogeneity includes large numbers of
mutations, including those responsible for drug resistance and also for the replicative
fitness of HIV, which are critical for transmission and pathogenesis. Furthermore, a large
proportion of HIVs may be defective due to the spontaneous generation of lethal
mutations that can then be spread through recombination and rescue of drug resis-
tance phenotypes (22–25). Indeed, viral recombination has been shown to occur
between complementary defective viral forms, resulting in increased viral replicative
fitness and improved capacity for transmission. In one case, a highly infectious virus-
producing cell line was reported to contain five copies of the HIV genome, none of
which was infectious individually; recombination was shown to be responsible for the
generation of infectious viral progeny (26). Increased efficiency of HIV transmission may
also increase the likelihood that target cells become infected by multiple virions,
thereby increasing the likelihood of viral recombination (21–26) and helping to facili-
tate viral escape from selection pressure produced by both the immune system and the
drugs used in HIV treatment (21, 27, 28).

Both viral and cellular factors are involved in transmission; e.g., the viral envelope
protein not only is responsible for viral entry but also modulates certain functions of
host cells that facilitate infection. Mutations in viral envelope proteins may affect viral
infectivity through different mechanisms. For example, certain mutations, including
those at positions G367R and D368R in the CD4 binding site (CD4bs) of gp120, may
cause the virus to become noninfectious (24, 29–31). However, the mutants can be
rescued by superinfection and recombination or even by spontaneous back-mutation
to wild type in some T cell lines. In addition, HIV that has been pseudotyped with
vesicular stomatitis virus G protein (VSV-G) cannot successfully infect resting T cells (32).

The study of Env-mutated viruses that are able to mediate infection only by
cell-to-cell transmission may help to clarify some of the mechanisms involved. We have
recently reported that a G367R mutation at the CD4 binding site within Env resulted in
noninfectiousness for cell-free viruses but did not abrogate infection of certain T cell
lines via cell-cell transmission; moreover, such infection often led to reversion of the
G367R substitution (33). We have now investigated additional mutations within Env
that are located at the CD4 binding site and have focused on two important motifs,
notably the GGDPE region at amino acid positions 366 to 370 and the bridging sheet
at positions 426 to 431. We now show that G367R, D368R, M426R, and W427V each
resulted in noninfectivity in culture as cell-free viruses but that cell-to-cell transmission
of HIV into some T lymphocyte-derived cell lines could still occur and that this led to
phenotypic reversions to wild-type virus in each case (experimental procedures illus-
trated in Fig. 1). Activation of the Janus kinase (JAK) and the signal transducer and
activator of transcription (STAT) pathways, by agents such as interleukin-2 (IL-2) and

FIG 1 Flow chart of the general experimental procedures performed with HIV Env mutants. Twelve Env
mutants were generated based on pNL4-3 for transfection in MT2, MT4, and C8166 cells. VSV-G
pseudotyped mutant viruses were prepared for infection in MT2, MT4, C8166, and CBMC cells in the
presence or absence of reagents targeting cell signaling. pNL4-3 was used as a control.
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phorbol 12-myristate 13-acetate (PMA) inhibited this cell-associated viral transmission,
while JAK-STAT inhibitors promoted both the transmission and reversion events de-
scribed. Thus, cell-to-cell transmission of HIV can involve both viral and cellular factors,
and, in particular, the activation of JAK-STAT signaling pathways may be able to inhibit
this mode of infection. Conceivably, molecules that activate JAK-STAT signaling might
be able to play a role in the control of HIV infection.

RESULTS
Env mutations in the CD4 binding region result in noninfectiousness by cell-

free virus but allow reversions following cell-to-cell transmission in some infected
T cell lines. The deficit caused by the Env mutant D368R in regard to cell-free infection
has been well studied (29–31). However, it is not known whether mutations at other
positions that surround the CD4 binding site might result in a similar phenotype. Here,
we employed three T cell lines, MT2, MT4, and C8166, that express both the CD4 and
CXCR4 receptors to investigate the effects of mutations within the GGDPE motif or the
bridging sheet on viral infection. MT2 and MT4 cells can behave differently with regard
to support of viral replication of viruses that are mutated at the CD4 binding site even
though both cell lines are highly sensitive to wild-type infection, as reported previously
(33).

DNA samples of 12 different HIV Env mutants and wild-type HIV-1 were separately
transfected in duplicate into MT2, MT4, and C8166 cells to synthesize viral proteins and
to lead to viral replication. p24 values and cytopathic effects (CPE) were monitored to
assess whether infection had occurred, and culture fluids were used to initiate a new
round of infection. As shown in Fig. 2, the p24 values resulting from the transfections
of the proviral DNA containing the G366R, G367R, D368R, 367R/368R, G370R, or W427V
mutation commonly resulted in an initial slight increase in values in each of MT2, MT4,
and C8166 cells, followed by a decrease in the second week. However, both the G366R
and G367R mutations yielded successful infections in C8166 cells after 2 weeks, and the
recovered viruses were infectious in a subsequent round; sequencing confirmed that
reversion to a wild-type virus had occurred. The M426R substitution resulted in delayed
replication in MT4 and C8166 cells but less so in MT2 cells. Replication of M426K viruses
was better than that of M426R viruses in each of MT2, MT4, and C8166 cell lines,
suggesting that the change to an R residue was more deleterious than a K substitution.
Replication of viruses containing a substitution at position Q428L, E429V, V430E, or
G431R was comparable to that of wild-type virus, and the culture fluids derived from
these transfections were infectious over second rounds of infection. In summary,
among mutations in the GGDPE motif, the infectivity of viruses containing G366R,
D368R, and G370R was the most compromised while viruses containing M426K and
M426R were significantly affected among those with the bridging sheet mutations, with
the W427V mutant having the lowest infectivity.

Pseudotyping. The transfection experiments did not provide adequate data due to
the low transfection efficiency of cells in suspension and related factors. Therefore,
additional experiments were carried out using the pseudotyped viruses. Based on the
results shown in Fig. 2, the mutations that potentially affected infectiousness were
further investigated in the context of VSV-G pseudotyped viruses. The G366R virus was
partially infectious as free virus for MT2 and C8166 cells, with increases in p24 values
being observed over 2 to 3 weeks (Fig. 3). Similarly, each of the G367R, D368R, M426R,
and W427V constructs was noninfectious as cell-free virus in each of the MT2, MT4, and
C8166 cell lines, but the use of VSV-G pseudotyped viruses led to recovery of infection
after 2 weeks in MT2 and C8166 cells but not in MT4 cells (Fig. 3 and summarized in
Table 1). We note that successful infection with mutated viruses does not necessarily
mean that viral progeny will be infectious even though the infection curves of mutated
viruses can look similar to those of wild-type viruses performed at infection doses that
are 1,000-fold lower than those used for the mutants. For this reason, cell-free progeny
needs to be evaluated for infectiousness over a second round. It should be noted that
p24 values in MT4 culture fluids began to decline within 2 weeks after infection and
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that these culture fluids were not infectious when employed as cell-free virus. These
results indicate that the infected cells produced noninfectious progeny that would
disappear slowly over time due to outgrowth of uninfected cells. Pseudotyped viruses
were used in most subsequent experiments.

The effects of G367R and D368R are similar in regard to viral infection and
reversion. The growth curves of the G367R-containing virus in MT2, MT4, and C8166
cells are displayed in Fig. 3 and summarized in Table 2. Few differences were observed
in growth or reversion rates regardless of whether the G367R virus had been generated
from HxB2D or pNL4-3 clones (Fig. 3 and Table 2), suggesting that genetic viral background
did not have a major impact on the role of the G367R substitution in the context of viral
entry.

In order to decrease the probability that reversion would occur during the first
round of infection, we deliberately employed a limited number of cells in some of our
experiments. Our results show that viral growth rates and rates of reversion were similar
and cell type dependent for both the G367R and D368R substitutions, with phenotypic
reversion occurring rapidly and frequently over 2 to 3 weeks in MT2 and C8166 cells but
hardly at all in MT4 cells under controlled conditions (Fig. 4A and B). Reversion was
closely related to the number of cells and quantity of virus used for infection, with faster
reversions occurring when higher numbers of cells were employed. Sequencing con-

FIG 2 Growth curves of HIV Env-mutated viruses after transfection of three T cell lines. A total of 200,000 cells were transfected with viral DNA (~0.8 �g for
the mutants, 0.1 �g for pNL4-3) at 37°C and grown in 24-well plates in duplicate. The cultures were fed every 3 days, and the supernatants were monitored
at the times indicated for p24 levels and for levels of infectiousness at day 16 after infection. CPE was also read at day 16 after infection.
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firmed that the G367R mutations in all the samples that were infectious as cell-free
viruses had reverted to wild type while the R residue of D368R was mutated to Q (CGA
to CAA).

G367R virus and D368R reversions are inhibited by PMA and IL-2 but promoted
by JAK-STAT and mTOR inhibitors. To investigate potential mechanisms of reversion,
we wished to determine what the effect of reagents that affect cell signaling might be.

FIG 3 Infection curves of Env mutants and VSV-G pseudotyped viruses. A total of 105 cells were infected with the mutant viruses (~50 ng of p24 per 105 cells,
50 pg for pNL4-3) at 37°C for 3 h, washed, and grown in 24-well plates in triplicate. p24 values were determined at 3- to 7-day intervals.
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Because both PMA and IL-2 affect the JAK-STAT and mTOR signaling pathways, we
included inhibitors that act against JAK-STAT and mTOR, respectively.

Three JAK inhibitors were employed in our experiments: tofacitinib that inhibits
JAK3 (34), fedratinib that inhibits JAK2, and ruxolitinib that is specific for JAK1/2 (35).
All three inhibitors were able to increase the phenotypic reversion of the mutants at
submicromolar concentrations. Growth of the G367R or D368R virus in MT2 cells was
inhibited in the presence of PMA or IL-2. However, this inhibition was counteracted by
JAK inhibitors (Fig. 4 and 5).

In MT2 cells, JAK inhibitors were able to reverse the inhibitory effect of PMA and IL-2
in a dose-dependent way, with 0.1 ng/ml of PMA preventing both G367R and D368R
reversion. The JAK inhibitors tofacitinib and ruxolitinib at 10 or 100 nM were more
efficient than fedratinib at reversing the inhibitory effect of PMA (Table 3). The presence
of 100 nM ruxolitinib increased the toxicity of PMA for MT2 cells (Table 3). Higher
concentrations of JAK inhibitors were needed to reverse the inhibitory effect of IL-2 (20
IU/ml) (Fig. 5 and Table 4). The combination of tofacitinib and ruxolitinib did not lead
to synergy in regard to reversion but was toxic for MT2 cells (Table 4). None of the JAK

TABLE 1 Phenotypic reversion of HIV Env mutants in T cell linesa

Mutant
(pseudotyping)

MT2 cells MT4 cells C8166 cells

CPE
Amt of p24 in
SN (ng/ml) CPE

Amt of p24 in
SN (ng/ml) CPE

Amt of p24 in
SN (ng/ml)

G366R �/�b �/� � �0.1 � �100
G366R (VSV-G) � �100 � �0.1 � �100
G367R � �0.1 � �0.1 � �0.1
G367R (VSV-G) � �100 � �0.1 � �100
D368R � �0.1 � �0.1 � �0.1
D368R (VSV-G) � �100 � �0.1 � �100
M426K � �100 � �100 � �100
M426R � �0.1 � �0.1 � �0.1
M426R (VSV-G) � �100 � �0.1 � �100
W427V � �0.1 � �0.1 � �0.1
W427V (VSV-G) � �100 � �0.1 � �100
Q428L � �100 � �100 � �100
E429V � �100 � �100 � �100
V430E � �100 � �100 � �100
G431R � �100 � �100 � �100
aA total of 100,000 cells were infected with mutated viruses (�50 ng of p24) at 37°C for 3 h, washed, and
grown in 24-well plates in triplicate. The cultures were fed every 3 days, and the supernatants (SN) were
monitored for infectivity at day 16 after infection. Cytopathic effect (CPE) and p24 values were also read at
day 16 after infection. The results obtained with the Q428L, E429V, V430E, and G431R mutants followed
from transfection of DNA into cells.

b�/�, only one sample of three was positive.

TABLE 2 Comparison of G367R reversion generated from HxB2D or pNL4-3 clones in T
cell lines

Cell line
No. of cells
per well

G367R-HxB2D reversiona G367R-pNL4-3 reversiona

CPE SN infectivity CPE SN infectivity

MT2 105 3/3 3/3 3/3 3/3
5 � 103 1/4 2/4 2/4 2/4

MT4 105 0/3 0/3 1/3 1/3
5 � 103 0/4 0/4 0/4 0/4

C8166 105 3/3 3/3 3/3 3/3
5 � 103 2/4 3/4 3/4 3/4

aG367R-HxB2D and G367R-pNL4-3 are VSV-G pseudotyped viruses. Cells were infected with the mutant
viruses (�50 ng of p24 per 105 cells) at 37°C for 3 h, washed, and grown in 24-well plates (105 cells) in
triplicate or in 96-well plates (5 � 103 cells) in quadruplicate. The cultures were fed every 3 to 5 days, and
supernatants (SN) were monitored for infectivity at day 16 after infection. Cytopathic effect (CPE) and p24
values were evaluated at day 16 after infection. Values represent the number of positive samples/the
number of tested samples.
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inhibitors was able to enhance G367R and D368R growth or reversion in MT4 cells (Fig.
5), which were not sensitive to JAK inhibitors, even at concentrations as high as 1.0 �M
(not shown).

The effect of the JAK-STAT and mTOR signaling pathways on the reversion of G367R
were also studied using STAT and mTOR inhibitors. Our results confirmed that both
5,15-diphenylporphyrin (5,15-DPP), specific for STAT3, and rapamycin, specific for mTOR,
can promote G367R growth and reversion. Although JAK inhibitors did not enhance G367R
mutant growth and reversion in MT4 cells, both STAT3 and mTOR inhibitors enhanced
G367R mutant growth and reversion in MT4 cells in a dose-dependent manner (Fig. 6 and
Table 5). Both 5,15-DPP at concentrations above 50 nM and rapamycin above 1 nM
promoted G367R reversion in MT4 cells. These results indicate that constitutive STAT
and mTOR activities are elevated in MT4 cells and can be inhibited by STAT inhibitors
and rapamycin but not by JAK inhibitors.

G367R virus reversions are promoted by JAK inhibitors in CBMCs. We also
wished to determine whether G367R reversion would take place in primary cells as
well as in cell lines. For this purpose, cord blood mononuclear cells (CBMCs) were
infected and grown in the presence of IL-2 as well as in the presence or absence of JAK

FIG 4 The effects of PMA and JAK inhibitors on the growth of the VSV-G pseudotyped Env mutants G367R (A) and D368R (B). Cells were infected with the
mutant viruses (~50 ng of p24 per 105 cells) at 37°C for 3 h, washed, and grown in 96-well plates (5 �103 cells/well) in the presence or absence of PMA (0.1
ng/ml) and/or JAK inhibitors. p24 values were monitored at intervals of 6 to 7 days. Tofa-1, tofacitinib 10 nM; Tofa-2, tofacitinib 100 nM; Fedr-1, fedratinib 10
nM; Fedr-2, fedratinib 100 nM; Ruxo-1, ruxolitinib 10 nM; Ruxo-2, ruxolitinib 100 nM.
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inhibitors. The growth of CBMCs and infection of HIV require the presence of IL-2 in the
culture medium. VSV-G pseudotyped G367R mutants can infect CBMCs and produce
p24 at levels about 10 times less than the level in MT2 cells. However, reversion in this
circumstance was not observed over 3 weeks of infection. The JAK inhibitor tofacitinib

FIG 5 The effects of IL-2 and JAK inhibitors on the growth of the VSV-G pseudotyped Env mutant G367R. MT2 cells were infected with the
mutant virus (~50 ng of p24 per 105 cells) at 37°C for 3 h, washed, and grown in 96-well plates (5 � 103 cells/well) in the presence or absence
of IL-2 (20 IU/ml) and/or JAK inhibitors. p24 values were measured at intervals of 7 days. Tofa-0.1, tofacitinib 0.1 �M; Tofa-0.5, tofacitinib 0.5 �M;
Ruxo-0.1, ruxolitinib 0.1 �M; Ruxo-0.5, ruxolitinib 0.5 �M; T�R-0.1, tofacitinib and ruxolitinib 0.1 �M; T�R-0.5, tofacitinib and ruxolitinib 0.5 �M.

TABLE 3 The effects of PMA and JAK inhibitors on G367R and D368R reversion in MT2 cells

JAK inhibitor and
concn (nM)

PMA
(ng/ml)

G367R reversiona D368R reversiona

CPE SN infectivity CPE SN infectivity

None 0 4/8 4/8 6/8 6/8
0.1 0/8 0/8 0/8 0/8

Tofacitinib
100 0 4/4 4/4 4/4 4/4
10 0 0/4 0/4 0/4 0/4
100 0.1 2/4 2/4 2/4 2/4
10 0.1 0/4 0/4 0/4 0/4

Fedratinib
100 0 2/4 2/4 3/4 3/4
10 0 2/4 2/4 2/4 2/4
100 0.1 1/4 1/4 1/4 1/4
10 0.1 0/4 0/4 0/4 0/4

Ruxolitinib
100 0 4/4 4/4 3/4 3/4
10 0 3/4 3/4 4/4 4/4
100 0.1 ND 1/4 ND 1/4
10 0.1 0/4 0/4 1/4 1/4

aG367R and D368R were VSV-G pseudotyped viruses. MT2 cells were infected with the mutant viruses (�50
ng of p24 per 105 cells) at 37°C for 3 h, washed, and grown in 96-well plates at 5 � 103 cells/well. The
cultures were fed every 3 to 5 days, and the supernatants (SN) were checked for infectivity at day 16 after
infection. Cytopathic effect (CPE) and p24 values were evaluated at day 16 after infection. Values represent the
number of positive samples/the number of tested samples. ND, not determined because of toxicity to MT2 cells.
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at a concentration of 100 nM promoted the reversion of G367R, but this was not
accomplished when ruxolitinib or a combination of both inhibitors (the concentration
is inhibitory to the replication of CBMCs [data not shown]) was studied (Fig. 7 and Table
6). Two of four samples showed reversion on the basis of p24 increases and the
infectivity of supernatants after 21 days of G367R infection, a result attributable to
the ability of JAK inhibitors to counteract IL-2 because IL-2 activates JAK3 and because
tofacitinib is its specific inhibitor. Even more significantly, coculture of infected CBMCs
and MT2 cells resulted in infection of the latter and of JAK inhibitor-treated samples
over 21 days, as monitored by p24 values. Reversion of mutated HIV-1 eventually
occurred, and the progeny were able to initiate new rounds of infection as cell-free
virus over 2 to 3 weeks (Table 6). Viral reversion occurred in all the samples that were
cocultured with CBMCs in the presence of tofacitinib. Reversion also occurred in cases
treated with the combination of tofacitinib-ruxolitinib (4/4) and with the majority of
samples (3/4) treated with ruxolitinib. CPE appeared earlier in the presence of tofacitinib
than when both tofacitinib and ruxolitinib together or ruxolitinib alone was present, and
p24 values became positive as well. In contrast, no viral growth occurred in samples
cocultured with CBMCs after 21 days without JAK inhibitors; therefore, CPE and positive p24
values were not found. Coculture with C8166 cells yielded similar results (data not shown).
However, JAK inhibitors at the higher concentrations inhibited the replication of CBMCs; the
reversion of G367R was not observed in these cells when they were tested alone although
reversion could still be observed after coculture (data not shown).

DISCUSSION

Many viruses can spread significantly by direct cell-cell contact (36), but some, such
as HIV, can efficiently infect target cells via both cell-free and cell-to-cell routes. Most
HIV studies have relied on the use of cell-free virus for infection due to convenience
even though it is clear that cell-associated transmission is also important (37, 38), with
some reports indicating that infection via cell-free versus cell-associated routes might
occur at different speeds and efficiencies (39). A recent report indicates that cell-to-cell

TABLE 4 The effects of IL-2 and JAK inhibitors on G367R reversion in MT2 cells

JAK inhibitor and
concn (nM)

IL-2
(IU/ml)

G367R reversiona

CPE SN infectivity

None 0 2/8 2/8
20 0/8 0/8

Tofacitinib
500 0 1/4 1/4
100 0 1/4 1/4
500 20 1/4 1/4
100 20 1/4 1/4

Ruxolitinib
500 0 2/4 2/4
100 0 1/4 1/4
500 20 3/4 3/4
100 20 1/4 1/4

Tofacitinib plus ruxolitinib
500 0 1/4 1/4
100 0 1/4 1/4
500 20 0/4b 0/4
100 20 1/4 1/4

aG367R was a VSV-G pseudotyped virus. MT2 cells were infected with the mutant virus (�50 ng of p24 per
105 cells) at 37°C for 3 h, washed, and grown in 96-well plates at 5 � 103 cells/well. The cultures were fed
every 3 to 5 days, and the supernatants (SN) were checked for infectivity at day 16 after infection.
Cytopathic effect (CPE) and p24 values were evaluated at day 16 after infection. Tofacitinib and ruxolitinib
were used together in some studies at 100 �M or 500 nM. Values represent the number of positive
samples/the number of tested samples.

bThe combination of both inhibitors at 500 nM and IL-2 was toxic to MT2 cells.
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transmission is required to trigger apoptosis of infected CD4� T cells (40). It is also true
that many primary HIV isolates are unable to mediate cell-free infection until adapted
in culture. Possibly, a number of mutations may contribute to the enhancement of
cell-free infection, but these may be difficult to ascertain when isolates of unknown
background are studied.

In contrast, it is easier to follow the evolution of HIV mutated variants that possess
a defined background. We have recently reported that the HIV Env mutant G367R is
useful for the study of cell-to-cell infection since transmission can occur only via

FIG 6 The effects of STAT and mTOR inhibitors on growth of the VSV-G pseudotyped Env mutant G367R.
MT4 cells were infected with the mutant virus (~10 ng of p24 per 105 cells) at 37°C for 3 h, washed, and
grown in 96-well plates (5 � 104 cells/well) in the presence or absence of 5,15-DPP (5, 50, or 500 nM) or
rapamycin (0.1, 1, or 10 nM). p24 values were monitored at intervals of 6 to 7 days.

TABLE 5 The effects of STAT and mTOR inhibitors on G367R reversion in MT4 cells

Inhibitor and concn (nM)

G367R reversiona

CPE SN infectivity

None 0/8 0/8

5,15-DPP
5 0/4 0/4
50 1/4 1/4
500 1/4 1/4

Rapamycin
0.1 0/4 0/4
1 1/4 1/4
10 2/4b 2/4b

aG367R was a VSV-G pseudotyped virus. MT4 cells were infected with the mutant viruses (�10 ng of p24 per
105 cells) at 37°C for 3 h, washed, and grown in 96-well plates at 5 � 104 cells/well. The cultures were fed
every 3 to 5 days, and the supernatants (SN) were checked for infectivity at day 21 after infection.
Cytopathic effect (CPE) and p24 values were read at day 16 after infection. Values represent the number of
positive samples/the number of tested samples.

bThe results were statistically significant by a t test in comparison to results in the absence of inhibitor (P �
0.05).
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cell-associated virus but not free virus, a characteristic that may also be true for D368R
and other mutations that affect CD4 binding (29–31). Accordingly, we mutated several
sites within Env that closely contact the CD4 receptor molecule. Our results confirm that
both G366R and M426K may have altered the CD4 binding pocket less than G367R and
D368R. Thus, viruses containing these mutations possessed severely impaired cell-free
infectivity but retained viability. However, mutations that drastically change the CD4
binding pocket can erode cell-free infectiousness, and we have now extended these
findings by showing that each of M426R, G367R, D368R, and W427V mutations resulted
in a loss of cell-free but not cell-associated infectivity. In each case, the amino acid
substitutions would induce a change in the CD4 binding pocket due to the hydrophilic
nature of the R residue or to hydrophobicity in the case of a V residue, thus significantly
decreasing CD4 binding ability. The infectiousness of the mutants as cell-associated
forms seems to be cell type dependent, mainly for MT2, C8166, and SupT1 cells,
providing evidence of the role of host factors other than receptors in this process.
Moreover, viral replication and reversion were modulated by the presence of cytokines,
T cell activators, and JAK inhibitors.

HIV entry begins as the viral particle binds to CD4 to induce the conformational
change of the Env protein, prior to binding to a coreceptor that triggers the fusion of
the viral envelope and the cellular plasma membrane (8). The viral particle can also
enter the cell by endocytosis (41). Many viruses, including retroviruses such as HIV-1,
use endocytosis as an entry route (41, 42) although several other factors can enhance
viral entry in this circumstance (43).

Our mutants have enabled us to show that cell-associated entry can involve different
phenotypes of HIV. We have previously shown that the replication and reversion of
the G367R mutant can be inhibited by the endocytosis inhibitor chlorpromazine

FIG 7 The effects of IL-2 and JAK inhibitors on growth of the VSV-G pseudotyped Env mutant G367R in
cord blood mononuclear cells (CBMCs). CBMCs were infected with the mutant virus (~50 ng of p24 per
107 cells) at 37°C for 3 h, washed, and grown in 24-well plates in quadruplicate (5 � 106 cells/well). The
cultures were grown in the presence of 100 nM of either tofacitinib, ruxolitinib, or a combination of both
and fed every 5 to 7 days. Fresh CBMCs (5 � 106) were added at day 7. p24 values were checked at
intervals of 6 to 7 days. Tofa, tofacitinib; Ruxo, ruxolitinib; T�R, tofacitinib and ruxolitinib.

TABLE 6 The effects of JAK inhibitors on G367R reversion in CBMCs

JAK inhibitor (100 nM)

G367R reversion
in CBMCs
(SN infectivity)a

G367R reversion in CBMC
and MT2 coculturea

CPE SN infectivity

None 0/4 0/4 0/4
Tofacitinib 2/4 4/4 4/4
Ruxolitinib 0/4 3/4 3/4
Tofacitinib plus ruxolitinib 0/4 4/4 4/4
aG367R was a VSV-G pseudotyped virus. CBMCs were infected with the mutant virus (�50 ng of p24 per 107

cells) at 37°C for 3 h, washed, and grown in 24-well plates in quadruplicate at 5 � 106 cells/well. IL-2 (10
IU/ml) was used to support the growth of CBMCs. A total of 5 � 106 fresh CBMCs were added at day 7,
and the supernatants (SN) or cocultures were assessed for infectivity of MT2 cells at day 21 after infection.
CPE and p24 values were evaluated at day 21 after infection of MT2 cells. Tofacitinib and ruxolitinib were
used together in some studies at 100 nM. Values represent the number of positive samples/the number of
tested samples.
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(33), suggesting that this mutant may use endocytosis as a primary entry route
since wild-type HIV infection in activated T cells cannot be inhibited by endocytosis
inhibitors. It is possible that although our Env mutants suffer from impaired binding to
CD4, they can attain cell entry through endocytosis. As in other cases of cell-associated
viral transmission, cells infected by the mutants did not show any cytopathic effects but
died as the mutants reverted to a wild-type phenotype alongside an increase in p24
values, indicating that low-level replication of the mutants had occurred. The efficiency
of endocytosis is a cell-dependent phenomenon.

Certain T cell lines such as MT2, C8166, and SupT1 support the replication of the viral
mutants better than MT4, Jurkat, and PM-1 cells, as studied here and as reported
recently (33). This may involve differences in the responsiveness to PMA and IL-2 that
can inhibit the replication of the mutated viruses and a possibly differential role for the
JAK-STAT signaling pathway, as suggested by the effects of the JAK inhibitors tofac-
itinib and ruxolitinib. The fact that STAT and mTOR inhibitors enhanced G367R repli-
cation and promoted reversion in MT4 cells further supports a role for the JAK-STAT and
mTOR signaling pathways in HIV cell-to-cell transmission. The activation of the JAK-
STAT pathway can also be modulated by immunological status. As shown here, both
PMA and IL-2 can affect the replication of the mutated viruses, and immune activation
can trigger the immune response of the host to inhibit virus replication.

One of the consequences of virus infection is the release of interferon (IFN) that can
also stimulate the JAK-STAT pathway and trigger the expression of multiple interferon-
stimulated genes. Although the functions of many activated genes are not clear, several
can inhibit both viral infection and replication. A class of interesting molecules includes
the interferon-induced transmembrane (IFITM) proteins that have been reported to
inhibit infection by a broad spectrum of viruses (44–50). This may result from a decrease
of viral transmission into cells, involving decreased fusion between viral envelopes and
cellular membranes. IFITM proteins can inhibit viral membrane and cellular endosomal
or lysosomal vesicles from participating in membrane fusion. The T cell lines used in our
experiments have different levels of IFITM proteins (45), e.g., low levels in MT2 and
SupT1 cells but high levels in other cell lines. MT4 cells may have elevated constitutive
JAK and STAT activity. However, STAT, but not JAK, activity is uniquely sensitive to
inhibitors (Fig. 4 and 6). This may explain why our Env mutants such as G367R can
replicate and revert in MT2 but not in MT4 cells as well as why replication of the
mutants is inhibited in the presence of PMA or IL-2, either of which can induce the
expression of IFN and subsequently of IFITM proteins.

The inhibitory effect of IFITM proteins on Env mutants may be more severe than that
on wild-type viruses because the ability of the mutated viruses to bind to CD4 is
impaired, resulting in a preference for endocytosis. There is an endocytic signal in IFITM
proteins responsible for antiviral activity (51). Interestingly, prolonged passage of HIV in
IFITM-expressing T lymphocytes leads to emergence of Env mutants that overcome
IFITM restriction. G367E is a resistance mutation selected in the presence of elevated
levels of IFITM protein 1 (52, 53), implying that mutations including G367R at the CD4
binding site may help HIV-1 to evade IFITM protein-mediated inhibition.

Of course, multiple factors may be involved in the PMA-mediated reversion of Env
mutants, in part because PMA can itself have multiple effects and can activate several
signaling pathways, especially over several weeks in culture. There is also a potential for
feedback loops to become involved. We used PMA in our studies because it was previously
shown to inhibit the reversion of the G367R mutation. PKC may also play a role in this
process, as reported previously (33). Although PMA is not a specific JAK activator, it can
activate JAK-STAT signaling pathways, and JAK/STAT inhibitors can affect the reversion
rates of various mutants (e.g., G367R) in the presence of either PMA or IL-2.

However, the roles that the JAK-STAT and mTOR signaling pathways play in HIV
infection may be much more complex. HIV replication in T lymphocytes requires T cells
to be activated and continuously needs IL-2 stimulation. Thus, inhibition of the JAK-
STAT signaling pathway will inhibit HIV replication. In agreement with this, JAK inhib-
itors were recently reported to inhibit HIV replication in peripheral blood mononuclear
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cells (PBMCs) and macrophages (54, 55). In contrast to many other viral infections, the
activation of the immune system cannot easily inhibit HIV spread within a host. Notably,
PMA and IL-2 cannot inhibit the replication of wild-type HIV in T cells or cell lines. Our
results indicate that several mutants that affect CD4 binding react differently than
wild-type virus. The replication of the resultant viruses was inhibited in the presence of
PMA or IL-2. Inhibition of the JAK-STAT and mTOR signaling pathways promoted the
replication and reversion of the mutants. The activation of T cells inhibited the spread
and replication of these mutated viruses. However, further study of the differential
influences of JAK and STAT constituents, e.g., JAK1, JAK2, JAK3, and STAT1 to STAT5, will
be necessary. It is also relevant that HIV infection has been reported to affect the
activation of STAT pathways (56, 57).

Our observations suggest that the CD4 binding ability of HIV-1 provides a mechanism
of viral escape from inhibition by host immune activation and promotes cell-free infection.
Env-mutated viruses are not sensitive to either neutralizing antibodies or to entry inhibitors
(33, 58, 59). However, such viruses may be sensitive to inhibition by nonspecific immune
factors, e.g., IFN released by infected cells and activated immune cells.

MATERIALS AND METHODS
Cells. MT2, MT4, and C8166 cells were obtained through the NIH AIDS Research and Reference

Reagent Program. All cells were maintained in RPMI 1640 medium (Invitrogen) supplemented with 10%
fetal bovine serum (Invitrogen), 1% L-glutamine, 100 units/ml penicillin, and 100 �g/ml streptomycin
under 5% CO2 at 37°C. 293T cells were maintained in Dulbecco’s modified Eagle medium (Invitrogen).
Culture medium was changed every 3 days. Cord blood mononuclear cells (CBMCs) were obtained
through our Hospital Department of Obstetrics following standard procedures.

Viruses. BH10 and pNL4-3 were used as wild-type HIV-1. Wild-type viruses and Env mutants that
contained a mutation in the CD4 binding site of gp120 were generated and replicated in T cell lines by
transfection of proviral plasmids using Lipofectamine 2000 as recommended by the manufacturer
(Invitrogen). Env mutant viruses were also generated by transfection of proviral plasmids in 293T cells for
further analysis. In some cases, pVPack-VSV-G (Stratagene), which encodes the vesicular stomatitis virus
(VSV) envelope glycoprotein, was used at a ratio of 1:1 to HIV to produce VSV-G pseudotyped viruses.
Forty-eight hours after transfection, the viruses were harvested, analyzed for p24, and stored at �80°C.
Wild-type virus stocks were amplified in MT2 cells or in CBMCs. Virus stocks were kept at �70°C until use.

HIV Env mutants. Viruses mutated at the Env CD4 binding site were generated by PCR-based
site-directed mutagenesis as reported previously (24). Two important motifs forming the CD4 binding site
(30), GGDPE at amino acid positions 366 to 370 and amino acids 426 to 431 of the bridging sheet, were
mutated. Twelve mutants were obtained in total, including G366R, G367R, D368R, G367R/D368R, and G370R
in the GGDPE motif and M426(R/K), W427V, Q428L, E429V, V430E, and G431R in the bridging sheet. G367R
was generated in both HxB2D and pNL4-3 to compare the effects of this substitution in different viral
backbones. All the other mutants were built into pNL4-3 only. Standard sequencing was performed using an
ABI genetic analyzer (according to the manufacturer’s protocol) with plasmids or DNA obtained from samples
of second-round infections by reverse transcription-PCR (RT-PCR) amplification.

Viral infection. Cells were infected with mutated or wild-type virus for 3 h at 37°C. Cells were washed
three times with RPMI 1640 medium immediately following infection to remove unbound virus and were
resuspended in RPMI 1640 medium and split into wells at appropriate concentrations. Cytopathic effects
(CPE) were monitored daily by microscopy, and supernatants were evaluated for p24 antigen at 3- to
7-day intervals (bioMérieux, Netherlands).

Viral infection by coculture. Donor cells infected with VSV-G pseudotyped viruses with gp120
containing G367R were mixed at various dilutions with target cells to grow in single wells. CPE and levels
of p24 were monitored in order to assess both infection efficiency and reversion.

Chemicals. Phorbol 12-myristate 13-acetate (PMA), the STAT inhibitor 5,15-diphenylporphyrin (5,15-
DPP, specific to STAT3), and rapamycin, which serves as an inhibitor of mTOR (mammalian target of
rapamycin), were purchased from Cayman Chemical, Inc. (Ann Arbor, MI). IL-2 was from Roche
Diagnostics (Laval, Quebec). The JAK inhibitor tofacitinib, which targets JAK3, was purchased from
Selleckchem (Houston, TX) while fedratinib, which is specific for JAK2, was obtained from ApexBio
Technology (Hsinchu City, Taiwan). Ruxolitinib, which inhibits both JAK1 and -2, was obtained from
LC Labs (Woburn, MA).

A flow chart of the general experimental procedure is illustrated in Fig. 1 to indicate periods of
treatment and observation as well as information on data collection and analysis.
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