JVI

Journals.ASM.org

HIV-1 Cell-Free and Cell-to-Cell Infections Are Differentially
Regulated by Distinct Determinants in the Env gp41 Cytoplasmic Tail
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ABSTRACT

The HIV-1 envelope (Env) glycoprotein mediates viral entry during both cell-free and cell-to-cell infection of CD4™ T cells. The
highly conserved long cytoplasmic tail (CT) of Env is required in a cell type-dependent manner for optimal infectivity of cell-free
virus. To probe the role of the CT in cell-to-cell infection, we tested a panel of mutations in the CT region that maintain or atten-
uate cell-free infection to investigate whether the functions of the CT are conserved during cell-free and cell-to-cell infection.
The mutations tested included truncations of structural motifs in the gp41 CT and two point mutations in lentiviral lytic peptide
3 (LLP-3) previously described as disrupting the infectivity of cell-free virus. We found that small truncations of 28 to 43 amino
acids (aa) or two LLP-3 point mutations, YW_SL and LL_RQ, severely impaired single-round cell-free infectivity 10-fold or more
relative to wild-type full-length CT. These mutants showed a modest 2-fold reduction in cell-to-cell infection assays. Conversely,
large truncations of 93 to 124 aa severely impaired cell-to-cell infectivity 20-fold or more while resulting in a 50% increase in
infectivity of cell-free viral particles when produced in 293T cells. Intermediate truncations of 46 to 90 aa showed profound im-
pairment of both modes of infection. Our results show that the abilities of Env to support cell-free and cell-to-cell infection are
genetically distinct. These differences are cell type dependent for large-CT-truncation mutants. Additionally, point mutants in
LLP-3 can maintain multiround propagation from cell-to-cell in primary CD4™* T cells.

IMPORTANCE

The functions of HIV Env gp41 CT remain poorly understood despite being widely studied in the context of cell-free infection.
We have identified domains of the gp41 CT responsible for striking selective deficiencies in either cell-free or cell-to-cell infectiv-
ity. These differences may reflect a different intrinsic regulatory influence of the CT on cell-associated versus particle-associated
Env or differential interaction with host or viral proteins. Our findings provide novel insight into the key regulatory potential of
the gp41 CT in cell-free and cell-to-cell HIV-1 infection, particularly for short-truncation mutants of =43 amino acids or mu-
tants with point mutations in the LLP-3 helical domain of the CT, which are able to propagate via cell-to-cell infection in the ab-
sence of infectious cell-free virus production. These mutants may also serve as tools to further define the contributions of cell-
free and cell-to-cell infection in vitro and in vivo.

(TIP47) (19, 20) have been implicated in binding to residues in

I Iuman immunodeficiency virus (HIV-1) is an enveloped ret-
LLP-3. Mutations in these putative protein-binding sites were

rovirus that can enter permissive target cells through binding

of its envelope glycoprotein (Env) to host CD4 and chemokine
receptors. Env is a trimer of gp120-gp41 heterodimers and medi-
ates viral attachment, fusion, and entry into CD4™" T cells during
both cell-free infection and direct cell-to-cell infection via the vi-
rological synapse (VS). The gp41 cytoplasmic tail (CT) of HIV-1
Env is ~150 amino acids (aa) long and has several functions dur-
ing the viral life cycle. These include but are not limited to (i)
endocytosis of cell surface Env, (ii) Env trafficking in polarized
cells, (iii) Env packaging into viral particles, (iv) controlling the
fusogenic potential of Env (1-6), (v) cell signaling, and (vi) regu-
lating antibody binding (1, 7, 8) and neutralization sensitivity (8—
10). Many of these functions are associated with specific sequences
and/or structural motifs (11-15). The major defined motifs in the
CT include a tyrosine-based endocytic signal near the membrane-
spanning domain, a C-terminal dileucine endocytic motif, a
highly immunogenic region (HIR) containing a neutralizing
epitope called the Kennedy epitope, a nuclear factor kB (NF-«kB)
activation domain (16), three amphipathic alpha helices referred
to as lentiviral lytic peptides (LLP), and two inhibitory sequences,
isI and is2, which inhibit Env surface expression (17). Recently,
the host proteins prohibitin (18) and tail-interacting protein 47
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found to exhibit reduced cell-free infectivity, which was cell type
dependent in the case of the prohibitin binding site mutant
LL_RQ. The cellular retromer complex has also recently been
shown to bind to the CT (21). Disruption of retromer-CT inter-
action can result in the production of virus particles with en-
hanced Env packaging and infectivity.

A well-established approach to studying the function of the
HIV-1gp41 CT has been to examine CT deletion mutants for their
fitness during cell-free infection. A mutant with a truncation of
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the C-terminal 144 aa (ACT144) exhibits a replication defect that
is cell type dependent. Efficient replication of this mutant occurs
in only a limited number of permissive cell lines, primarily MT-4,
293T, or Hela cells (22, 23), but does not occur in most other T
cell lines, including CEM, Jurkat, MT-2, H9, and SupT1 cells, as
well as primary CD4" T cells and monocyte-derived macro-
phages. The factors that define cell permissivity may relate to the
efficiency of Env incorporation into budding virions. These dif-
ferences in Env incorporation may be a result of differentially
expressed cellular factors and/or the absence of a key binding
site(s) in the mutated CT for host proteins such as prohibitin (18)
or Rab11-FIP1c and Rabl4 (24, 25). A number of studies have
examined HIV-1 genomes carrying progressive gp41 CT trunca-
tions and observed differential impacts on Env fusogenicity (1, 3,
26), Env packaging, and/or infectivity of cell-free virus (3, 26-31).
Other studies have also characterized small deletions and point
mutations within the CT LLP regions or endocytic motif(s) that
affect Env incorporation and/or infectivity of viral particles (2, 6,
31-35), the intracellular distribution of Env (21, 33), syncytium
formation (2, 6, 34), viral fusion (6, 35), and polarized budding
(36).

In the context of direct cell-to-cell infection, the role of the
gp41 CT has been less well characterized. T cell-to-T cell HIV-1
infection through the VS is likely to be an important route of
HIV-1 spread in vivo in lymphoid tissues where the density of
lymphocytes and their ability to interact are much greater (37).
This requires actin rearrangement, resulting in Env, Gag, and CD4
colocalization at the site of cell contact (38, 39), and has features
that can be distinct from those of cell-free infection (40). Some of
these features include resistance to neutralizing-antibody re-
sponses (9, 41-43), increased resistance to antiretroviral therapy
(44-46), and the transmission of multiple viral genomes to a sin-
gle cell (44, 47, 48) or to multiple cells simultaneously (49). The
resistance of cell-to-cell infection to neutralizing antibodies is in
part dependent upon the presence of an intact gp41 CT (9).

The role that the gp41 CT plays during in vitro cell-to-cell
infection has thus far been examined with the full deletion of the
CT, ACT144, in permissive (9, 50) and nonpermissive (51) cell
types. During cell-to-cell infection, the engagement of CD4 with
Env occurs at the cell surface and typically does not lead to cell-cell
fusion. During VS formation, viral fusion activity of Env can be
coordinated with the formation and transfer of virus particles to
the target cell (52). The inhibition of fusion at the synapse may be
due to the presence of fusion-inhibiting cellular factors (53, 54) or
due to the presence of an immature Gag lattice that interacts with
the Env CT to control viral fusogenicity (4, 5, 55). Because of the
key role that the Env CT plays in Env packaging, VS formation,
viral fusion, and subsequent infectivity, we were interested in un-
derstanding how different mutants in the Env CT may impact
cell-to-cell transmission through the VS.

To systematically examine the domains of the Env CT required
for cell-free infection in comparison to cell-to-cell infectivity we
constructed a series of gp41 CT truncation mutants. We also char-
acterized two point mutants in LLP-3, YW_SL, and LL_RQ, which
have been previously described as disrupting the putative binding
sites of TIP47 and prohibitin in the gp41 CT. We determined the
relative levels of Env packaged into 293T-produced virus particles
and expressed on the surface of Jurkat donor cells used in our
cell-to-cell infectivity assays, and we measured single-round cell-
free and cell-to-cell infectivity of these mutants in MT-4 cells as

September 2015 Volume 89 Number 18

Journal of Virology

HIV-1 Env Tail Regulates Cell-to-Cell Infection

well as primary CD4™ T cells. We identified gp41 CT mutants with
striking selective deficiencies in either cell-free or cell-to-cell in-
fectivity, particularly for short-truncation mutants of =43 aa or
mutants with point mutations in the LLP-3 helical domain of the
CT. This provides further evidence that cell-to-cell infection is
distinct from cell-free infection and can occur in isolation. Our
results also indicate that there are mechanistic differences that
distinguish how the CT participates in cell-free or cell-to-cell in-
fection.

MATERIALS AND METHODS

Viral constructs. NL-GI is based on the molecular clone pNL4-3 (56),
and has the gene for green fluorescent protein (GFP) in place of nef. nefis
expressed from a downstream internal ribosome entry site (IRES), as pre-
viously described (57). Gag-iCherry contains mCherry inserted into Gag,
in frame between the MA and CA domains (58). NL-GI ACT144 (9, 26)
was previously described. Aenv NL-GI and Aenv Gag-iCherry contain a
frameshift mutation in the Ndel restriction site that disrupts the Env open
reading frame, made by replacing the Nhel-Sall fragment with the corre-
sponding fragment from Aenv Gag-iGFP (59). All other gp41 mutants
were generated by overlap extension PCR to replace the appropriate
amino acid with a stop codon, or an alternate amino acid in the case of the
point mutants YW_SL and LL_RQ NL-GI. Residues Yg,, and Wy, of
HXB2 Env (19) correspond to Yy, and Wy, of NL4-3 Env. Residues L,
and Lg,, of BH10 Env (18) correspond to L.y, and L,o¢ of NL4-3 Env.
Primer sequences for several truncation mutants (3, 28) and the YW_SL
(19) mutant were previously described. In this study, ACT118 and ACT43
are equivalent to ACT126 and ACT42b, described in reference 3. PCR
fragments were introduced into the NL-GI backbone using the BamHI
and Mlul restriction sites or the Nhel and Mlul restriction sites. NL-GI
ACT43 was cloned using Mlul and Hpal. A similar cloning strategy was
used to introduce the ACT100 and ACT28 mutations into the Gag-
iCherry backbone, using the Nhel and BamHI restriction sites and the
BamHI and Xhol restriction sites, respectively. All mutations made by
overlap extension PCR were confirmed by sequencing. The reference
sources for the Env mutants are summarized in Table 1.

Cells and cell culture. Cells of the human cell lines Jurkat clone E6-1
and MT-4 were obtained through the NTH AIDS Reagent Program (ARP),
Division of AIDS, NIAID, NIH, from Arthur Weiss and Douglass Rich-
man, respectively. Primary CD4™ T cells were isolated from human pe-
ripheral blood obtained from deidentified HIV-negative blood donors
through the New York Blood Center. All primary CD4™" T cells and T cell
lines were cultured as described in reference 9. 293T cells (American Type
Culture Association) were maintained in Dulbecco’s modification of Ea-
gle’s medium supplemented with 10% Cosmic Calf serum (HyClone),
100 U/ml penicillin, 100 wg/ml streptomycin, and 200 wM L-glutamine.

Cell-free infection assays. Cell-free virus particles were made by
transfection of 293T cells using the calcium phosphate transfection
method (60) or by nucleofection of Jurkat cells (Amaxa Biosystems) with
wild-type (WT) or mutant NL-GI plasmid DNA. Virus particles were
harvested 48 h later from 293T cells or 72 h later from Jurkat cells. Vesic-
ular stomatitis virus envelope G protein (VSV-G) pseudotyped viruses
were generated by cotransfection of WT or mutant NL-GI plasmid with
plasmid pMD2.G, which encodes the VSV envelope G protein (Addgene),
at a ratio of 1:1. Virus was quantified by p24 enzyme-linked immunosor-
bent assay (ELISA). Virus stocks were normalized for p24 and used to
infect 1.25 X 10> MT-4 cells in a 96-well round bottom plate. For single-
round infection assays, medium was replaced with medium containing 10
M zidovudine (AZT; ARP) approximately 18 h after infection. At 40 h
after infection, cells were treated with trypsin-EDTA, washed with phos-
phate-buffered saline (PBS), and fixed in 2% paraformaldehyde before
detection by flow cytometry with a BD LSRII flow cytometer (BD Biosci-
ences) and analysis using Flow]Jo software (Tree Star, Inc.). To spinoculate
activated primary CD4" T cells, 5 X 10° cells per well were spun at
1,200 X g for 99 min with 293T-produced virus in a 96-well flat-bottom
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TABLE 1 Cell-free and cell-to-cell infectivity of gp41 CT mutants in MT-4 cells

gp41 CT mutation No. of amino acid Infectivity”
Description Mutant name changes in Rev Cell free Cell to cell
None (full-length gp41) None (WT) 0 100 100
No gp41 Aenvy mutant 0 1.42 *0.37 0.09 * 0.04
No gp41 CT; no YSPL motif ACT144 0 68.16 + 11.85 1.90 + 0.37
Large gp41 CT truncation; no YSPL motif ACT124FS* 0 38.67 * 14.07 0.75 £0.22
Large gp41 CT truncation ACT124¢ 1 177.78 0.12 = 0.03
ACT118¢ 3 149.07' 1.05 + 0.29
ACT100° 0 261.20 = 13.49 2.63 £1.18
ACT93/ 1 185.71 = 2.93 4.96 = 2.04
Intermediate gp41 CT truncation ACT90? 2 9.18 = 2.58 0.20 = 0.08
ACT83/ 0 2.87 = 0.23 0.16 £ 0.01
ACT67¢ 0 1.50 £ 0.92 0.71 £ 0.45
ACT667 2 2.42 * 1.56 0.38 £0.15
ACT60° 0 2.88 = 0.57 0.79 = 0.35
ACT59¢ 3 3.24 %195 1.16 = 0.74
ACT56 1 4.97 £ 0.58 2.15 £ 0.17
ACT497 3 18.25 £ 6.20 3.95 = 2.99
ACT46° 0 3.32£0.32 17.13 £ 6.00
Short gp41 truncation ACT43¢ 0 10.91 = 1.89 52.51 = 10.38
ACT28¢ 0 5.69 £ 1.98 45.36 £ 12.22
Full-length gp41 CT; two missense mutations in LLP-3 YW_SL# 0 8.87 = 2.96 60.39 = 10.11
LL_RQ" 0 9.55 £ 2.89 55.46 * 13.40

“Values were normalized to the infectivity of WT NL-GI and are means * SEMs from at least two experiments performed in duplicate.

b Primers for this mutant were based on reference 8.

¢ Primers for this mutant were based on reference 1.

@ Primers for this mutant were from reference 3.

¢ Primers for this mutant were designed specifically for this study.
/Primers for this mutant were from reference 28.

£ Primers for this mutant were based on reference 19.

" Primers for this mutant were based on reference 18.

? Single experiment performed in duplicate.

plate. After 3 h of incubation at 37°C, 100 pl medium containing 50 U/ml
interleukin 2 was added to each well. At 24 h after spinoculation, cells were
trypsinized, fixed, and used for flow cytometry, as described above.

Cell-to-cell infection assays. Donor Jurkat cells were nucleofected
(Amaxa Biosystems) with WT or mutant NL-GI plasmid DNA, cultured
overnight in antibiotic-free medium, and purified by Ficoll-Hypaque
density gradient centrifugation to remove dead cells (9, 59). The amount
of DNA used for nucleofection was adjusted to give approximately the
same GFP expression levels at the time of coculture with target cells. Do-
nor Jurkat cells and target MT-4 or activated primary CD4™ T cells were
labeled with a 4 WM concentration of the cell proliferation dye eFluor 670
or a 6 wWM concentration of the cell proliferation dye eFluor 450 (eBiosci-
ence), respectively. Approximately 1.25 X 10° Jurkat cells were cocultured
with 1.25 X 10° MT-4 cells or activated primary CD4 ™" T cells per well in
a 96-well round bottom plate. For single-round infection assays, culture
medium was replaced with medium containing 10 uM AZT approxi-
mately 18 h after coculture. At 40 h after coculture, cells were trypsinized
and fixed, as described for cell-free infection.

Cell-to-cell transfer assays. Donor Jurkat cells were nucleofected with
WT or mutant Gag-iCherry plasmid DNA, cultured overnight, purified
by Ficoll-Hypaque density gradient centrifugation to remove dead cells,
and dye labeled as described above. Resting primary CD4™ T cells were
labeled with 4 M eFluor 450. Approximately 1.25 X 10° Jurkat cells were
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cocultured with 1.25 X 10° resting primary CD4" T cells per well in a
96-well round-bottom plate for 3 h, trypsinized, and fixed as described for
cell-free infection.

Cell-to-cell viral membrane fusion assays. Donor Jurkat cells were
nucleofected with WT or mutant NL4-3 plasmid DNA, as well as the
plasmid pMM310 (61, 62), which encodes the B-lactamase (BlaM)-Vpr
fusion protein (ARP; catalog no. 11444 from Michael Miller), at a ratio of
3:1. Cells were cultured overnight and purified by Ficoll-Hypaque density
gradient centrifugation. Approximately 2 X 10° unlabeled Jurkat cells
were cocultured with 2 X 10° eFluor 670-labeled activated primary CD4™"
T cells per well in a 96-well round-bottom plate for 3 to 5 h. Cells were
loaded with loading solution containing CCF2-AM (Pan Vera) for 1 to 1.5
h and developed for 16 h in development solution as previously described
(63). A total of 4 X 10° Jurkat donor cells were also fixed at the time of
coculture and stained for intracellular p24 using the Fix & Perm cell per-
meabilization kit (Invitrogen) and the anti-p24 monoclonal antibody
KC57-51 (Beckman Coulter).

Western blotting. HIV-1-transfected 293T cells were lysed with 1%
Triton lysis buffer containing complete protease inhibitor cocktail
(Roche) and centrifuged for 10 min at 5,000 rpm at 4°C to remove nuclei.
Total protein concentration was measured with a Coomassie Plus (Brad-
ford) assay kit (Thermo Scientific) according to the manufacturer’s pro-
tocol. Medium from transfected 293T cells containing virus particles was

September 2015 Volume 89 Number 18


http://jvi.asm.org

quantified by p24 enzyme-linked immunosorbent assay (ELISA), concen-
trated by sucrose gradient centrifugation through 20% sucrose and 1 mM
EDTA, and resuspended in 1% Triton lysis buffer. Concentrated virus
lysates were quantified by p24 ELISA. 293T cell lysates and virus particle
lysates were normalized for protein concentration and p24 concentration,
respectively. Reduced, denatured samples were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins
were transferred to a polyvinylidene difluoride (PVDF) membrane (GE
Healthcare) and probed with the monoclonal antibody 2F5 (Hermann
Katinger, ARP) to detect gp41. Membranes were then stripped, cut, and
reprobed with sheep antiserum to HIV-1 gp120 (Michael Phelan, ARP) to
detect gp120 or HIV immunoglobulin (HIV-IG) (Luiz Barbosa, ARP) to
detect all HIV proteins. Primary antibodies were detected with horserad-
ish peroxidase (HRP)-conjugated anti-human or anti-sheep secondary
antibodies (Jackson ImmunoResearch Laboratories, Inc.). Western blots
were visualized with the FluorChem E imaging system (ProteinSimple)
and the signal intensity of protein bands was determined using Image
Studio Lite software (LiCor Biosciences).

Detection of cell surface Env by flow cytometry. Jurkat cells were
nucleofected with WT or mutant NL-GI plasmid DNA, cultured over-
night, and purified as described for cell-to-cell infection assays. A total of
2 X 10° Jurkat cells per well were stained with 15 wG/ml HIV-IG (Luiz
Barbosa, ARP), followed by Alexa Fluor 647 goat anti-human IgG (Life
Technologies). The average geometric mean fluorescence intensity (MFI)
of cell surface Env was calculated from three independent experiments
and used in a two-tailed unpaired ¢ test to determine statistical signifi-
cance between the geometric MFI of Jurkat cells expressing the Aenv mu-
tant and Jurkat cells expressing either the WT protein or a given gp41 CT
truncation mutant.

Calculations. For cell-free infection assays, the percent infection rel-
ative to WT NL-GI was determined for each experiment by calculating the
average percent infection in target cells of duplicate wells for WT NL-GI
and gp41 mutant A NL-GI, followed by the formula (% infection by gp41
mutant A/% infection by WT) X 100, where mutant A is a gp41 ACT
truncation mutant or LLP-3 mutant. For cell-to-cell infection assays, the
average percent infection in target cells of duplicate wells for WT NL-GI
and gp41 mutant A NL-GI was calculated and then adjusted for differ-
ences in donor cell transfection levels at the time of coculture, i.e., time
zero, using the formula (% transfection of WT NL-GI donor cells at time
zero/% transfection of gp41 mutant A NL-GI donor cells at time zero) X
% infection of target cells by gp41 mutant A NL-GI. This value was then
used to calculate the percent infection relative to WT NL-GI, as for cell-
free infection assays.

For the comparison of cell surface Env expression levels, the relative
MFI was calculated by examining the population expressing high levels of
GFP, which corresponds to HIV-1-infected cells expressing both early and
late HIV-1 genes, including Env. The geometric MFI of Env-AF647 of this
population was expressed as a ratio over the geometric MFI for Aenv
NL-GI using the formula: geometric MFI ratio of mutant A = geometric
MFI for mutant A/geometric MFI for the Aenv mutant.

To calculate the relative MFI, each ratio was then expressed relative
to the ratio for WT NL-GI using the formula: relative MFI = (geomet-
ric MFI ratio of mutant A — 1)/(geometric MFI ratio of WT — 1).

RESULTS

Characterization of Env expression by gp41 CT truncation mu-
tants. To assess the impact of gp41 CT mutations on cell-to-cell
infection, we first constructed a series of truncation mutants that
were studied previously for Env incorporation and fusion (3).
This mutant series systematically removes the amphipathic alpha
helices LLP-1, LLP-3, and LLP-2 or their intervening sequences
(Fig. 1). These were compared to WT NL-GI and the well-charac-
terized Env mutant ACT144 (26), which contains a stop codon
that disrupts the membrane-proximal endocytosis motif and
truncates the entire gp41 CT. We also constructed ACT124FS and
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FIG 1 Schematic of gp41 cytoplasmic tail (CT) truncation mutants. (A) Sche-
matic of the gp41 CT showing major structural and functional domains re-
moved in truncation mutants. EC, endocytosis signal; HIR, highly immuno-
genic region; LLP, lentiviral lytic peptide. The schematic is based on reference
14. (B) Series of gp41 CT truncation mutants constructed by overlap PCR in
relation to the full-length, wild-type (WT) NL4-3 gp41 CT residues 705 to 855.
A stop codon was introduced to remove the indicated number of amino acids
from the C terminus of the gp41 CT, based on reference 3.

ACT124 in NL4-3 Env, based on characterization studies reported
in references 8 and 1, respectively. ACT124FS contains a frame-
shift mutation upstream of the YSPL endocytosis motif that re-
sults in a stop codon proximal to LLP-2 that removes 124 aa of the
gp41 CT (ACT124FS). ACT124 contains a stop codon in the same
position but has an intact open reading frame and YSPL motif.

When generated in 293T cells, the mutant viral clones pro-
duced Env precursor gp160 and gp41 proteins with the predicted
decreases in size of the CT (Fig. 2A, top and middle). Anti-HIV
antisera detected similar levels of p24 capsid expression in these
cells (Fig. 2A, bottom). Most of the CT truncation mutants ex-
pressed higher levels of gp120 in 293T lysates than the WT
(ACT144 to ACT59); however, ACT43 expressed gp120 levels
similar to those of the WT, and ACT28 expressed lower levels than
the WT (Fig. 2A; quantified in Fig. 2C). Env incorporation into
virus particles was assessed by performing Western blotting on
virus particles normalized for p24 input after concentration by
sucrose gradient centrifugation. The large-truncation mutants,
ACT144, ACT124,and ACT118, incorporated levels of gp120 into
virus particles similar to those of the WT, while the remaining
mutants incorporated 50% or less gp120 (Fig. 2B and C). The
relative expression pattern of gp41 in the cell lysates versus the
virus lysates was similar to what was observed for gp120 (data not
shown). These findings are consistent with the Env expression and
incorporation levels obtained by Jiang and Aiken using the same
mutants in pNL4-3 (3). While the Western blots of virus lysates
were normalized for p24 input (Fig. 2B, bottom), these mutants
released various levels of viral particles to the medium, as assessed
by p24 ELISA (Fig. 2D). We noted that the p24 production of
ACT124 and ACT118 was consistently low across independent
293T cell transfections, and this may be explained by missense
mutations in Rev (Table 1), whose gene overlaps in open reading
frame with that of the Env CT.
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FIG 2 HIV-1 envelope expression by gp41 CT truncation mutants. (A) Western blot of 293T cell lysates after transfection with WT NL-GI and gp41 CT
truncation mutants. (B) Western blot of virus particle lysates of WT NL-GI and gp41 CT truncation mutants purified from transfected 293T supernatants. (C)
Quantification of gp120 levels expressed in 293T cell lysates and virus particle lysates. Env expression was calculated as a ratio of gp120 to p24 and expressed
relative to that of the WT. Error bars represent the standard errors of the means (SEMs) from at least two independent experiments. #, cell lysate gp120/p24 values
from a single experiment. (D) HIV-1 p24 produced by transfection of 293T cells, as measured by p24 ELISA. Error bars represent the SEMs from at least three
individual ELISAs, each performed in duplicate using virus from independently transfected 293T cells for each ELISA. (E) Representative histograms of cell
surface HIV-1 Env on Jurkat cells expressing WT NL-GI or gp41 CT truncation mutants (black line) compared to the Aenv mutant (filled gray curve). Env was
detected on cells expressing high levels of HIV-1 infection using pooled polyclonal HIV-IG antibody. P values represent statistically significant differences in the
average geometric MFI of cell surface Env compared to the Aenv mutant for three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F) Relative
MFI of cell surface HIV-1 Env for gp41 CT truncation mutants compared to WT NL-GI. Error bars represent the SEMs from three experiments, each performed
with independently transfected Jurkat cells.
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FIG 3 Cell-free and cell-to-cell single-round infectivity in MT-4 cells. (A) Representative flow cytometry plots of cell-free infection of MT-4 cells by the WT,
ACT118, or ACT28 NL-GI. (B) Cell-free infection levels of MT-4 cells by gp41 CT truncation mutants, expressed as a percentage of WT NL-GI. Error bars
represent the SEMs from at least three experiments, each performed in duplicate using independently produced virus to infect target cells. #, single experiment
performed in duplicate. (C) Representative flow cytometry plots of cell-to-cell infection of MT-4 target cells by Jurkat donor cells transfected with the WT,
ACT118, or ACT28 NL-GI. (D) Cell-to-cell infection levels of MT-4 cells after coculture with Jurkat donor cells expressing gp41 CT truncation mutants,
expressed as a percentage of WT NL-GI. Error bars represent the SEMs from at least three experiments, each performed in duplicate with independently

transfected Jurkat donor cells.

We also examined the surface Env expression of the mutants by
staining nucleofected Jurkat cells with pooled HIV-1 patient im-
munoglobulin (HIV-IG) (Fig. 2E and F). All CT mutants ex-
pressed cell surface Env, as measured by positive staining on the
population expressing high levels of GFP. The level of surface Env
staining of the mutants ACT28, ACT43, ACT59, and ACT66 was
similar to the surface staining of cells expressing WT Env. As pre-
viously reported for ACT144, Env staining was markedly higher
than that of the WT due to a lack of the YSPL endocytosis motif.
ACT124, ACT118, and ACT90 expressed the smallest amount of
cell surface Env relative to WT; however, this was still higher than
that of the Aenv negative control (Fig. 2E).

gp41 CT truncation mutants show selective cell-free and cell-
to-cell infectivity. We tested the single-round infectivity of 293T
cell-derived virus particles in MT-4 target cells, a T cell line known
to be highly permissive for HIV-1 infection, and initiated infec-
tions with virus supernatants containing the same amount of p24
antigen. We found that ACT144 was 68% as infectious as the WT
(Fig. 3B; Table 1). Similar results were observed for ACT124FS
(Table 1). Interestingly, the truncation mutants ACT124 and
ACT118 yielded higher levels of cell-free infectivity than the WT,
up to ~180% of WT levels. Mutants ACT90, ACT66, ACT59,
ACT43, and ACT28, which have progressively smaller portions of
the CT removed, showed 10-fold or greater loss of infectivity rel-
ative to WT (Fig. 3A and B; Table 1).

To determine the single-round infectivity of these mutants
in cell-to-cell infection, we nucleofected Jurkat donor cells
with these mutant clones and cocultured these cells with MT-4
target cells. Unlike the cell-free viral infection, truncation mu-
tants ACT144, ACT124, ACT118, ACT90, ACT66, and ACT59
were severely attenuated in cell-to-cell infection by 20-fold or
more relative to WT (Fig. 3C and D; Table 1). In contrast,
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ACT43 and ACT28 showed a modest 2-fold reduction in infec-
tivity relative to WT.

We next examined whether similar infection phenotypes are
also observed in a more physiologically relevant cell type, primary
activated CD4 " T cells. Similar to what was observed in the MT-4
cell-free infectivity assay, we observed the highest relative levels of
cell-free infection with ACT124 and ACT118 (>100%), ~40%
infection with ACT144, and <10% infectivity for the remaining
mutants 24 h after spinoculation (Fig. 4A and B). We then per-
formed cell-to-cell infection experiments using nucleofected Jur-
kat cells as donors and primary CD4" T cells as target cells. In
these studies, the nucleofection efficiency of the Jurkat cells was
similar among the different viral constructs. Studies with these
donor cells also indicated that ACT43 and ACT28 were the fittest
mutants with regard to cell-to-cell infection, while they were very
poorly infectious by cell-free routes (Fig. 4C and D).

The lower viral production observed for some of the trunca-
tion mutants (Fig. 2D) may be attributed to missense mutations in
Rev, generated when stop codons were introduced into the over-
lapping reading frame of Env (summarized in Table 1). To exclude
the possibility that differences in cell-free and cell-to-cell infectiv-
ity were due to defects in Rev and to further define the regions of
the CT responsible for infectivity differences, we generated and
tested several additional mutants. ACT100, ACT83, ACT67, and
ACT60 do not contain changes in the Rev amino acid sequence
after introduction of a stop codon in the gp41 open reading frame.
ACT93 contains 1 amino acid change in Rev. We also tested
ACT56 (1 amino acid change in Rev), ACT49 (3 amino acid
changes in Rev), and ACT46 (no amino acid changes in Rev), to
further define the region responsible for conferring the difference
in cell-to-cell infectivity seen between ACT59 and ACT43. We
observed that these additional mutants produced WT levels of
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FIG 4 Cell-free and cell-to-cell single-round infectivity in primary CD4 " T cells. (A) Representative flow cytometry plots of cell-free infection of primary CD4™
T cells by spinoculation with the WT, ACT118, or ACT28 NL-GI. (B) Cell-free infection levels of primary CD4™ T cells after spinoculation with gp41 CT
truncation mutants, expressed as a percentage of WT NL-GI. Error bars represent the SEMs for two CD4™ T cell donors each performed in duplicate. (C)
Representative flow cytometry plots of cell-to-cell infection of primary CD4™" T cells by Jurkat donor cells transfected with the WT, ACT118, or ACT28 NL-GI.
(D) Cell-to-cell infection levels of primary CD4* T cells after coculture with Jurkat donor cells expressing gp41 CT truncation mutants, expressed as a percentage
of WT NL-GI. Error bars represent the SEMs from three experiments performed in duplicate with independently transfected Jurkat donor cellsand CD4™ T cells

from a total of three blood donors.

virus, with the exception of ACT49, which contained 3 amino acid
mutations in Rev (Fig. 5A). Compared to the WT, the large-trun-
cation mutants ACT100 and ACT93 showed =150% cell-free in-
fectivity, similar to ACT118 and ACT124 (Fig. 4B; Table 1).
ACT49 showed some cell-free infectivity (18%), while the remain-
ing mutants were severely attenuated (=5%). These additional
mutants all showed =5% infectivity compared to WT during cell-
to-cell infection, with the exception of ACT46 (17%) (Fig. 5C;
Table 1). Overall, robust preferential cell-free infection was ob-
served for four mutants with large truncations (ACT124, ACT118,
ACT100, and ACT93), while preferential cell-to-cell infection was
observed for two mutants with small truncations (ACT43 and
ACT28).

LLP-3 point mutants show selective attenuation of cell-free
infectivity. In order to better understand the contribution of the
LLP-3 region of gp4l to the CT mutant phenotypes, we con-
structed two mutants with point mutations in LLP-3, YW_SL and
LL_RQ, which were previously described as detrimental muta-
tions for cell-free virus infectivity. Figure 6A shows the positions
of these substitutions in LLP-3, relative to the nearest truncation
mutation we generated, the ACT59 mutation. The resulting mu-
tants did not show any significant differences in p24 expression in
producer 293T cells (Fig. 6B). Similar amounts of p24 were also
detected in the supernatants of transfected 293T cells (data not
shown). However, gp120 and gp41 levels were reduced in the virus
particles compared to WT levels for both mutants in Western
blots loaded with the same amount of p24 (Fig. 6C and D). This
suggests a defect in Env packaging, as 293T lysates contained
amounts of gp120 and gp41 similar to or greater than those seen
with the WT.

Both LLP-3 point mutants were strongly attenuated in cell-free
infectivity (~10% infectivity compared to WT) (Fig. 6E; Table 1).
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During cell-to-cell infection, YW_SL and LL_RQ showed 60%
and 55% infectivity, respectively (Fig. 6F; Table 1). Table 1 sum-
marizes the relative infectivity of all of the truncation and point
mutants tested for single-round infectivity in MT-4 cells using
293T-produced cell-free virus particles for cell-free infection or
infected Jurkat donor cells for cell-to-cell infection.

To examine the reported cell type-specific infectivity defect of
cell-free viruses with large tail truncations, we compared the rela-
tive infectivity of virus particles produced in Jurkat cells (nonper-
missive for full tail truncation) to the 293T-produced virus used in
Fig. 3 and 4. We produced WT, ACT100, ACT28, YW_SL, and
LL_RQ virus particles in Jurkat cells and performed cell-free in-
fectivity assays after normalizing for p24 input. Compared to WT,
the ACT100 mutant showed =10% infectivity in MT-4 cells, sim-
ilar to ACT28 (~15%), while YW_SL and LL_RQ showed ~25 to
30% infectivity (data not shown). The cell type-dependent cell-
free infectivity we observed for ACT100 is consistent with previ-
ous cell-free infectivity studies of mutants with large truncations
of the gp41 CT (22, 23, 27-30).

VSV-G pseudotyping rescues defect in cell-free infectivity of
mutants with small gp41 CT truncation and LLP-3 point mu-
tants. To determine whether the defect in cell-free infection
observed for the short-truncation mutants and the LLP-3 point
mutants was due to viral entry, we generated virus particles in
293T cells pseudotyped with VSV-G and tested their single-
round infectivity in MT-4 cells. The infectivity of the short-
truncation mutant ACT28 as well as the LLP-3 point mutants
YW_SL and LL_RQ was greatly enhanced when these mutants
were pseudotyped with VSV-G, compared to the infectivity of
nonpseudotyped mutants (Fig. 7). All VSV-G-pseudotyped vi-
ruses (WT, gp41 CT mutants, and Aenv mutants) were able to
infect MT-4 cells to similar levels. This indicates that the vi-
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FIG 5 Characterization of additional gp41 truncation mutants. (A) HIV-1
p24 produced by transfection of 293T cells with WT NL-GI and additional
gp41 CT truncation mutants, as measured by p24 ELISA. Error bars represent
the SEMs from at least three individual ELISAs, each performed in duplicate
using virus from independently transfected 293T cells for each ELISA. (B)
Cell-free infection levels of MT-4 cells by additional gp41 CT truncation mu-
tants, expressed as a percentage of WT NL-GI. Error bars represent the SEMs
from at least two experiments, each performed in duplicate using indepen-
dently produced virus to infect target cells. (C) Cell-to-cell infection levels of
MT-4 cells after coculture with Jurkat donor cells expressing additional gp41
CT truncation mutants, expressed as a percentage of WT NL-GI. Error bars
represent the SEMs from at least two experiments, each performed in duplicate
with independently transfected Jurkat donor cells.

ruses with defects in cell-free infection are all due to an intrin-
sic deficiency in entry rather than any other steps of viral infec-
tion.

A defect in cell-to-cell infection of mutants with large gp41
CT truncations occurs after cell-to-cell transfer and viral mem-
brane fusion. To determine if the selective block in cell-to-cell
infection of the large-truncation mutants ACT124, ACT118,
ACT100, and ACT93 NL-GI (Fig. 3D and 5C) was due to a defect
in cell-to-cell transfer, we examined the efficiency of transfer of
fluorescent HIV particles from cell to cell. We compared ACT100
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Gag-iCherry to WT Gag-iCherry as well as ACT28 Gag-iCherry, a
mutant that exhibited a preferential block to cell-free over cell-to-
cell infection. Transfer was initiated with nucleofected Jurkat do-
nor cells. After 3 h coculture with resting primary CD4™ T cells,
there was no significant difference in the level of transfer between
ACT100 Gag-iCherry and ACT28 Gag-iCherry (Fig. 8A and B),
which were 59% and 54% of WT Gag-iCherry, respectively. This
indicates that the ACT100 Env can initiate VS formation and me-
diate the transfer of virus particles from donor to target cell. The
block in cell-to-cell infection by the large-truncation mutants, in-
cluding ACT100 NL-GI (Fig. 3D and 5C), therefore likely occurs
after transfer of virus particles.

We next examined whether the ability of virus particles to fuse
after transfer across the VS may be impaired in the ACT100 mu-
tant. We performed a cell-to-cell viral membrane fusion assay
using Jurkat donor cells cotransfected with either WT, ACT100, or
ACT28 NL4-3 and a BlaM-Vpr expression plasmid. This variation
of the BlaM-Vpr viral fusion assay (62) measures fusion of the
viral and cellular membranes after cell-to-cell transfer of HIV-1.
After coculture with activated primary CD4™ T cells, we observed
similar levels of viral membrane fusion mediated by WT, ACT100,
and ACT28 after cell-to-cell contact (Fig. 8C and D). This indi-
cates that viral membrane fusion following cell-to-cell contact is
intact with the ACT100 mutant.

Selective attenuation of viral spread in MT-4 or primary
CD4" T cell cultures initiated with cell-free virus or with in-
fected cells. ACT100 NL-GI undergoes single-round cell-free in-
fection but is deficient in cell-to-cell infection (Fig. 5), while
ACT28, YW_SL, and LL_RQ NL-GI show attenuated single-
round cell-free infection but are capable of single-round cell-to-
cell infection (Fig. 3 and 6). We therefore examined ACT100 and
ACT?28 as representative truncation mutants to test for the ability
to undergo multiround infection in MT-4 cells. We also tested the
LLP-3 point mutants YW_SL and LL_RQ. We determined the
number of infected cells at each time point by detecting GFP ex-
pression by flow cytometry. When the infection was initiated with
cell-free virus made in 293T cells, ACT100 was similar in infectiv-
ity to WT HIV-1 throughout the 5-day course of infection, while
ACT28 showed infection similar to that of the Aenv control (Fig.
9A). When infection was initiated with infected Jurkat donor cells,
ACT28 was more infectious than ACT100, while ACT100 was
only slightly more infectious than the Aenv control (Fig. 9B). The
ACT28 mutant continued to spread in culture between day 1 and
day 3, indicating that cell-to-cell infection allows this virus to
spread. The LLP-3 mutants YW_SL and LL_RQ, like ACT28,
showed very low levels of cell-free infection at 1 day postinfection
(Fig. 9C). While these viruses were able to spread in culture, the
infection was initially low and was unable to attain the level seen
with WT virus. In contrast, when infection with the mutants
YW_SL and LL_RQ was initiated with infected Jurkat donor cells,
these mutants showed levels of replication very similar to those of
the WT through a 5-day time course (Fig. 9D). Overall, these
results indicate that viruses with a significant defect in cell-free
viral infectivity (ACT28, YW_SL, and LL_RQ) can replicate with
kinetics similar to WT HIV-1 when the infection is initiated with a
cell-to-cell inoculum. Likewise, a virus with a defect in cell-to-cell
infectivity (ACT100) can replicate similarly to WT when the in-
fection is initiated with cell-free virus produced in 293T cells.
When viral spread was initiated in primary activated CD4™ T cells
as target cells, our observations were similar to those for the cell
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FIG 6 HIV-1 envelope expression and single-round infectivity of gp41 LLP-3 mutants YW_SL and LL_RQ in MT-4 cells. (A) Amino acid sequence alignment
of gp41 LLP-3 mutants LL_RQ and YW_SL in relation to the full-length, wild-type (WT) NL4-3 gp41 CT residues 792 to 805, as well as the nearest truncation
mutant, ACT59. Amino acid identity (-), the stop codon (*), and substitutions are shown. (B) Western blot of 293T cell lysates after transfection with WT NL-GI
or gp41 LLP-3 mutants. (C) Western blot of virus particle lysates of WT NL-GI or gp41 LLP-3 mutants purified from transfected 293T supernatants. (D)
Quantification of gp120 levels expressed in 293T cell lysates and virus particle lysates. Env expression was calculated as a ratio of gp120/p24 and expressed relative
to WT. Error bars represent the SEMs from at least two independent experiments. (E) Cell-free infection levels of MT-4 cells by gp41 LLP-3 mutants, expressed
as a percentage of WT NL-GI. Error bars represent the SEMs from three experiments, each performed in duplicate using independently produced virus to infect
target cells. (F) Cell-to-cell infection levels of MT-4 cells after coculture with Jurkat donor cells expressing gp41 LLP-3 mutants, expressed as a percentage of WT
NL-GL. Error bars represent the SEMs from four experiments, each performed in duplicate with independently transfected Jurkat donor cells.
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line MT-4, particularly between day 1 and day 3 of the infection
(Fig. 9E and F).

Overall, these results indicate that viruses with a significant
defect in cell-free viral infectivity (ACT28, YW_SL, and LL_RQ)
can replicate with kinetics similar to those of WT HIV-1 when the
infection is initiated with infected Jurkat donor cells. Likewise, a
virus with a defect in cell-to-cell infectivity (ACT100) can repli-
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FIG 7 Cell-free single-round infectivity of select VSV-G pseudotyped gp41
CT mutants in MT-4 cells. Cell-free infection levels of MT-4 cells by 3.5 ng/
well of WT, ACT 28, the gp41 LLP-3 mutants YW_SL and LL_RQ, or Aenv
NL-GI (left), compared to 3.5 ng/well of virus pseudotyped with VSV-G
(right). Error bars represent the SEMs for duplicate wells.
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cate similar to WT when the infection is initiated with cell-free
virus produced in 293T cells.

DISCUSSION

The HIV-1 gp41 CT has been the subject of numerous studies
using systematic mutation to pinpoint the role of specific CT se-
quences in Env packaging, fusion, intracellular localization, and
overall infectivity of cell-free virus. However, in the context of
cell-to-cell infection, the CT has mainly been studied using the
truncation mutant ACT144. Here, we determined that individual
mutations of the CT can have a dramatically different impact on
cell-free or cell-to-cell infection. Specifically, large truncations of
the CT that permit cell-free infection of 293T-produced virus
drastically attenuate cell-to-cell infection. Small truncations or
substitution mutations in LLP-3 can result in the reciprocal phe-
notype when cells are cocultured with infected Jurkat cells. We
conclude that the CT plays unique roles in supporting infection
during these two modes of infection.

In agreement with other studies that generated virus particles
in HeLa or 293T cells (3, 28), we found reduced levels of gp120 in
virus particles for mutants ACT90 to ACT28 (Fig. 2B and C),
correlating with a severe reduction in cell-free infectivity com-
pared to WT (Fig. 3B and 4B; Table 1). This is consistent with the
role of LLP-1 (2) or inhibitory sequences (17) in envelope pack-
aging. It is important to note that while Env incorporation ap-
peared to be important for cell-free infectivity, this phenotype did
not correlate with cell-to-cell infectivity. The ACT28 and ACT43
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FIG 8 Cell-to-cell transfer and cell-to-cell viral membrane fusion of selected gp41 CT truncation mutants into primary CD4™ T cells. (A) Representative flow
cytometry plots of cell-to-cell transfer to primary CD4™" T cells by Jurkat donor cells transfected with WT, ACT100, ACT28, or Aenv Gag-iCherry. (B) Cell-to-cell
transfer levels of primary CD4™ T cells after coculture with Jurkat donor cells expressing WT, ACT100, ACT28, or Aenv Gag-iCherry, expressed as a percentage
of WT Gag-iCherry. Error bars represent the SEMs from two experiments performed in duplicate, using independently transfected donor cells for each
experiment and CD4 ™" T cells from a total of three blood donors. (C) Representative flow cytometry plots of cell-to-cell viral membrane fusion with primary
CD4™" T cells by Jurkat donor cells transfected with WT, ACT100, ACT28, or Aenv NL4-3 coexpressing BlaM-Vpr. (D) Cell-to-cell viral membrane fusion levels
of primary CD4™ T cells after coculture with Jurkat donor cells coexpressing WT, ACT100, ACT28, or Aenv NL4-3 and BlaM-Vpr, expressed as a percentage of
WT NL4-3 BlaM-Vpr. Error bars represent the SEMs from two experiments performed in duplicate, using independently transfected Jurkat donor cells and

CD4* T cells from a total of three blood donors.

mutants exhibited decreases in Env incorporation but still showed
relatively robust infection in cell-to-cell infection assays. This in-
dicates that cell-to-cell infection can overcome deficiencies of viral
Env incorporation. Further, our multiround infectivity assays
with ACT28 (Fig. 9A and B) show that such viruses can propagate
over time via cell-to-cell infection in permissive cell types such as
MT-4 cells. This phenotype is similar to a 20-aa truncation iso-
lated from an HIV-1-infected patient (64). This study by Beau-
mont et al. provides evidence that clones with low cell-free infec-
tivity can persist in vivo, although these mutations may be rare
(64). However, traditional methods for the detection and isolation
of replication-competent viral clones are based on cell-free assays
and therefore would not detect mutants that are defective by cell-
free infection but still capable of cell-to-cell spread. The propor-
tion of such clones in vivo could be underestimated by these de-
tection methods.
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In our assays, the LLP-3 substitution mutants YW_SLand LI, RQ
are also compromised in cell-free but not cell-to-cell infectivity (sin-
gle-round infection [Fig. 6E and F] and multiround infection [Fig.
9]). These viruses packaged moderately reduced levels of Env on virus
particles (Fig. 6C and D), similar to prior findings for YW_SL (19,
20). Env packaging was at least 2-fold reduced in these mutants; how-
ever, cell-free infectivity was ~10-fold lower than that of the WT.
While the presence of Env is necessary for cell-free infection, the
structure of the tail or its ability to recruit a trans-acting factor(s) may
influence infection levels of cell-free but not cell-to-cell HIV-1. A
recent study by Checkley et al. found that knockdown of TIP47 in
Jurkat cells did not alter envelope incorporation, virus production, or
infectivity of cell-free HIV particles (65), indicating that TTP47 may
not be critical to the originally described phenotype of reduced Env
incorporation and cell-free infectivity. While the role of TIP47 as a
trans-acting factor involved in Env packaging has been called into
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FIG 9 Multiround infectivity of gp41 CT mutants in MT-4 and primary CD4™" T cells. (A) Multiround infection of MT-4 cells initiated with 293T-produced
cell-free WT NL-GI or the indicated truncation mutants. (B) Multiround infection of MT-4 cells initiated by coculture with Jurkat donor cells expressing WT
NL-GI or the indicated truncation mutants. (C) Multiround infection of MT-4 cells initiated with 293 T-produced cell-free WT NL-GI or the indicated mutants.
(D) Multiround infection of MT-4 cells initiated by coculture with Jurkat donor cells expressing WT NL-GI or the indicated mutants. For panels A to D, error
bars represent the SEMs for duplicate wells. (E) Multiround infection of primary CD4 * T cells initiated with 293T-produced cell-free WT NL-GI or the indicated
mutants. (F) Multiround infection of primary CD4™" T cells initiated by coculture with Jurkat donor cells expressing WT NL-GI or the indicated mutants. For
panels Eand F, error bars represent the SEMs for two CD4™" T cell donors each performed in duplicate. All cell-free infections were initiated at day 0 with the same
amount of virus p24. All cell-to-cell infections were initiated at day 0 by coculture with Jurkat donor cells transfected to similar levels with WT or mutant NL-GI.

question, our results are consistent with studies describing these
LLP-3 amino acid residues as important for infection (18-20). Al-
though these specific LLP-3 residues may serve as binding sites for
other uncharacterized trans-acting factors, it seems more likely that
the residues in this region may be critical for maintaining a specific
conformation of LLP-3 that is required for efficient Env packing/
function.

An interaction between the host trafficking factor Rabl1-
FIP1C and the YW, 45 motif in LLP-3 of the gp41 CT has recently
been shown to regulate Env incorporation into virus particles in
nonpermissive cells (24, 25). Truncation of the CT, demonstrated
using ACT144, or mutation of YWy alters Rab11-FIP1C local-
ization in infected cells, Env-Gag colocalization, and Env incor-
poration in virus particles produced in nonpermissive cells. Dis-
ruption of this interaction may account for the lack of cell-free or
cell-to-cell infectivity of the ACT100 and other large-truncation
mutants when nonpermissive Jurkat cells are used either to pro-
duce cell-free virus particles or as donor cells during cell-to-cell
infection. The LLP-3 point mutants YW_SL and LL_RQ have dis-
ruptions in the putative binding sites of the host factors TIP47 and
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prohibitin in the same region of the CT as Rab11-FIP1C. These
mutants are capable of cell-to-cell spread in primary CD4 ™" T cells
at levels similar to that of the WT but remain attenuated when
cell-free inocula are used to initiate the infection, although the
YW,y5 motif remains intact (Fig. 9E and F), suggesting that the
differences in gp41 CT-mediated infectivity for these mutants may
occur independently of Rab11-FIP1C interaction.

The large-truncation mutants ACT124, ACT118, ACT100,
and ACT93 showed 2- to 3-fold-higher infectivity than the WT,
although the same amount of p24 was used for all infections. In
addition, these mutants are selectively defective in cell-to-cell in-
fection (Fig. 3D, 4D, and 5C). In previous studies of cell-to-cell
infection via the VS, we observed that fusion of the viral and cel-
lular membranes occurs after transfer of virus into intracellular
compartments within the target cell (52). Here, our surface stain-
ing experiments confirm that Env is present on the surface of all
Jurkat donor cells expressing the truncation series (Fig. 2E and F).
The levels of cell surface Env are sufficient to mediate transfer of
Gag into the target cell (Fig. 8A and B) and also support viral
fusion (Fig. 8C and D); however, the large-truncation mutant
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ACT100 is defective in cell-to-cell infection (Fig. 3D, 4D, and 5C).
This may indicate that there are functions of the CT that go be-
yond cell adhesion and induction of fusion and may impact cell-
to-cell infection at the early postentry stage of infection.

Interestingly, during spreading infection in both permissive MT-4
cells and nonpermissive primary CD4 ™" T cells, the selective mutants
do not bypass the initial defect in either cell-free or cell-to-cell infec-
tion and thus never replicate to WT levels (Fig. 9). Rather, the type of
initial inoculum determines the ability of the mutant to spread over
time. One possible explanation for this is that if the initial inoculum is
too weak to establish a critical number of infected cells, this can have
a prolonged impact on successive rounds of replication even if clones
can replicate well when introduced through a different route. For
example, although the initial infection is low for ACT?28, it is still
sufficient to establish a critical number of infected cells and initiate
efficient replication from cell-to-cell. However, the initial number of
cells infected by cell-free inocula may be below this critical threshold,
and therefore too low to effectively initiate spreading infection. This is
less apparent with the LLP-3 mutants YW_SL and LL_RQ, which are
somewhat more infectious than ACT28 in our cell-free infection as-
says.

Model for mutants with diminished cell-free but not cell-to-
cell infectivity (ACT28, ACT43, YW_SL, and LL_RQ). Efficient
Env incorporation into cell-free virus likely requires direct or in-
direct interactions with Gag that are needed for Env packaging
and/or subsequent productive cell-free infection (11, 28, 64) but
may be less stringent for cell-to-cell infection. In the context of
HIV-1NL4-3, we found that these mutants are capable of cell-free
infection when pseudotyped with VSV-G (Fig. 7), showing that
their defect in cell-free infectivity is due to a defect in Env at the
step of viral entry. Truncation up to the last 43 aa of the CT or
point mutations in the LLP-3 region may disrupt CT conforma-
tion or alter the intracellular interactions that occur at the CT
during assembly and budding at the plasma membrane. This may
change the ectodomain conformation of gp120 such that it is no
longer functional during cell-free infection. A recent report de-
scribes direct mutations in the V1V2 loop of the gp120 ectodo-
main that prevent cell-free infection while permitting cell-to-cell
infection (66), similar to mutants we describe here. In an alternate
but not mutually exclusive model, the C-terminal region of the CT
may be critical for proper subcellular localization of Env (includ-
ing targeting of Env to sites of virus budding) or to activate the
recruitment of Gag to plasma membrane-localized Env during
cell-free viral assembly. A different, more proximal CT domain
may mediate this function during cell-to-cell infection (see be-
low), allowing cell-to-cell infection to continue even in the pres-
ence of these mutations.

Infectivity of these mutants is rescued during cell-to-cell infec-
tion, implying that there is something different about the function
of Env during VS formation versus during cell-free infection. Dur-
ing cell-to-cell infection, Env engagement with CD4 and forma-
tion of the VS precede viral release, as opposed to cell-free infec-
tion, where viral release precedes engagement of CD4 on an
uninfected target cell. Because some of these mutants that exhibit
packaging defects in cell-free virions are still infectious when in-
troduced as cell-associated virus, our data imply that the forma-
tion of the VS can overcome packaging or other defects, perhaps
by concentrating Env at the site of cell-cell contact.

Model for mutants with diminished cell-to-cell but not cell-
free infectivity (ACT124, ACT118, ACT100, and ACT93). The
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putative interaction between Gag and Env that is required for cell-free
infection may be overcome by large truncations in the tail, which may
permit passive incorporation of Env into virus particles made in 293T
cells, consistent with previous reports (27, 28). In contrast, in non-
permissive cells such as Jurkat or primary CD4™ T cells, both cell-free
and cell-to-cell infectivity may be mediated by domains in the region
of LLP-2/3, as large CT truncations that delete this region are not
infectious. For cell-free infection, this effect may be attributed to al-
tered Env trafficking and packaging caused by mutation of the
Rab11-FIP1C binding site in this region of the CT (25); however,
surprisingly, we found that these mutants are fully capable of being
transferred from donor cell to target cell (Fig. 8A and B). We also
measured the release of a BlaM-Vpr fusion protein into the target cells
following cell-cell coculture, which is also not affected by large CT
truncations (Fig. 8C and D). Taken together, our data are indicative
of an early block in infection of the incoming virus that occurs after
fusion. During cell-to-cell transmission, CD4 engagement, virus as-
sembly, and transfer to the target cell are all tightly coordinated. Sev-
eral viral and cellular factors are required for the coordinated assem-
bly of infectious virus particles in the infected donor cell for VS
formation, for example, components of the T cell signaling machin-
ery such as the kinase Zap70 (67). It is plausible that other factors may
be required in the infected donor cell that impact steps post-VS for-
mation and viral transfer, to affect virus infectivity once transferred to
the target cell. Large CT truncations may fail to recruit key viral or
cellular factors necessary to specifically maintain cell-to-cell infectiv-
ity. Alternatively, the timing of viral fusion with respect to viral as-
sembly may result in the transfer of virus into the target cell but inap-
propriate intracellular localization of fusion.

It is important to note that the studies presented here were
performed exclusively with Env from the HIV-1 laboratory isolate
NL4-3. We have yet to determine if CT truncations in other strains
generate similar infectivity phenotypes. There is at least one ex-
ample of a ACT20 mutant identified in a patient infected with a
B-clade virus. This mutant was tested in vitro in the R5-tropic
virus backbone NL(AD8) and was shown to selectively replicate by
cell-to-cell infection (64). Further studies are needed to determine
if additional CT truncations or LLP-3 mutations exhibit similar
phenotypes when created in R5-tropic primary-isolate Envs. If
broadly applicable, these primary isolate Env mutants may be
tested in humanized mouse models to examine the contribution
of cell-free versus cell-to-cell infection in an in vivo system, which
remains a major open question in the HIV-1 field.

The data presented here point to the multiple roles of the gp41
CT in differentially modulating cell-free and cell-to-cell HIV-1
infection. Further study of the distinct mechanisms involved in
cell-to-cell transmission is needed to elucidate how these differ-
ential phenotypes impact Env conformations, interactions with
Gag and the incoming viral core, and/or signaling events that may
facilitate infection of the target cell.
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