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We recently developed a novel targeting Sindbis virus envelope pseudotyped lentiviral vector, 2.2ZZ, which
acquires specific transduction capacity by antibody conjugation and binding with specific antigens on the
surface of targeted cells. Here we characterize the virological properties of this vector by examining its
targeting to CD4 antigen. Our results show that entry is dependent on CD4 cell surface density and occurs via
the clathrin-mediated endocytic pathway. These findings provide insight into the mechanism of infection by a
new viral vector with combined properties of Sindbis virus and lentiviruses and infectivity conferred by

monoclonal antibody-ligand interactions.

Effective gene therapy in clinical settings will require the
targeting of such therapies to specific tissues and organs while
maintaining stable gene expression. We describe a novel tar-
geting vector which acquires specific transduction capacity by
antibody conjugation and binding to specific antigens on the
surface of targeted cells. Our lab modified the fusion protein of
Sindbis virus envelope, E2, by inserting an Fc-binding portion,
the ZZ domain, of protein A (17, 19, 21). The lentiviral vector
pseudotyped by this modified Sindbis envelope, which we des-
ignated 2.2Z7Z vector, binds to and enters cells bearing specific
cell surface antigens only when conjugated with the appropri-
ate monoclonal antibody (17, 21). The 2.2ZZ vector has been
used to target human leukocyte antigen (HLA) class I, CD4,
CD19, CD20, CD34, CD45, CD146, P glycoprotein of mela-
noma cells, and prostate stem cell antigen successfully (10,
14-17, 20, 21). Wang and coworkers adapted an early form of
2277, M168 (17), to generate a modified envelope with mem-
brane-bound antibodies and used it to successfully target CD20
on B cells (27).

Here, we characterized the virological properties of this
newly generated 2.2ZZ targeting vector, one that bears some
properties of Sindbis virus and some properties of lentiviruses
and also possesses certain novel properties of infectivity con-
ferred by monoclonal antibody-ligand interactions, by studying
the effect of surface receptor concentration on its transduction
and its endocytic pathways. Native Sindbis virus exploits the
clathrin-mediated pathway to enter cells (6, 8), whereas human
immunodeficiency virus (HIV) fuses directly with the plasma
membrane (25), although recent evidence suggests that HIV
enters cell via endocytosis (13). Our goal was to ascertain the
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pathway of viral entry for this chimeric virus. We therefore
examined 2.2Z7Z vector targeting to CD4 antigen, since it is
one of the best-characterized cell surface molecules with re-
gard to its clathrin-mediated internalization and signaling
pathway (22). We have previously demonstrated the viral spec-
ificity by targeting transduction to HLtat/CD4 cells and periph-
eral blood mononuclear cells via anti-CD4 antibodies (14). In
this study, we first tested three antibodies which target differ-
ent epitopes of CD4: the anti-CDR2-like region of CD4 in
domain I (Leu3a) (12), the anti-CDR2-like region of CD4 in
domain IIT (OKT4) (12), and domain II of CD4 (BLA4) (2).
Each antibody directs similar transduction efficiencies of the
2.277 vector (data not shown). We selected the BL4 antibody
for further studies of mechanics of viral transduction.

We examined whether surface receptor concentrations have
an effect on vector transduction by using a 293 Affinofile cell
line that inducibly expresses human CD4 molecules under the
control of tetracycline (7, 9). Transduction by vesicular stoma-
titis virus G (VSV-G) pseudotypes and transduction of 2.2Z7Z
directed by antibodies to HLA class I showed no significant
differences in transduction levels among cells expressing dif-
ferent numbers of CD4 molecules (P > 0.05) (Fig. 1B). On the
other hand, enhanced transduction was observed when anti-
CD4 antibodies were used, and that enhancement correlated
with the increase of CD4 molecules present on cell surfaces
(Fig. 1A). These findings show that on this cell line higher
receptor concentration results in increased transduction by the
2.277Z vector.

To determine whether the endocytic pathway is required for
entry of 2.2Z7Z, we first utilized a dominant-negative mutant of
dynamin (dyn®***) to block the endocytic pathway (5). The
dynamin wild type (dyn™T) was used as a control. Both plas-
mids were transiently transfected into the 293T cells stably
expressing CD4 molecules (293T/CD4 cells) to acquire at least
65% of dynamin expression (Fig. 2A). We then assessed trans-
duction efficiency of 2.2ZZ vectors with anti-CD4 antibodies in
the dyn™"- and dyn®***-transfected cells. VSV-G pseudotypes

13026



VoL. 83, 2009

A. 90,000 -
— 80,000 -
$ 70,000 -
S 60,000 -
s 50,000 -
<Er 40,000 -
8 30,000 -
20,000 -
10,000 - 840
0 . T e T T T
ong/ml 3.125ng/ml  6.25ng/ml 12.5ng/ml 50ng/ml
Tetracycline Concentrations
B‘ 100
90
_ 80
%:; 70 mOng/ml
,E 60 m 3.125ng/ml
§ 50 W 6.25ng/ml
§ 40 | 12.5ng/ml
§ 30 m 50ng/ml
20
10

o

VSVG A

2.2/aHLA A
Virus/antibodies

2.2/aCD4 * 2.2NoAb A

* P<0.05
AP>0.05

FIG. 1. Higher density of CD4 molecules on cell surfaces led to
increased transduction of 2.2ZZ. (A) 293 Affinofile cells (1 X 10°)
carrying the tetracycline-inducible CD4 expression system were
treated with different concentrations of tetracycline (0, 3.125, 6.25,
12.5, and 50 ng/ml) for 8 h. The cells were stained with anti-CD4
antibodies conjugated with PE. The number of CD4 molecules/cell was
determined by normalizing the mean fluorescence of the cells to that
of commercial PE beads. (B) After 8 h of induction with tetracycline,
cells were transduced by 20 ng (HIV-1 p24) VSV-G pseudotyped
lentiviral vectors, 2.2Z7Z vectors with 0.4 pg anti-HLA or anti-CD4
antibodies, and 2.2Z7Z vectors in the absence of antibodies, all for a
period of 2 h. Three days postinfection, transductions were monitored
by EGFP expression. P values represent significances of differences
among cells treated with different concentrations of tetracycline.

served as a positive control, since VSV enters cells via the
clathrin-mediated pathway (6, 26). Gibbon ape leukemia virus
(GALYV) pseudotypes served as a negative control, since the
fusion of GALV occurs at the plasma membrane (18). For
VSV-G pseudotypes and 2.2ZZ vectors with anti-HLA or anti-
CD#4 antibodies, the transduction efficiency was reduced in the
dyn®**4_transfected cells compared to the dyn"'-transfected
cells (P < 0.05) (Fig. 2A). No difference in transduction by
GALYV pseudotypes was observed in the dyn™"- and dyn**#-
transfected cells (P > 0.05). Since the surface levels of HLA
and CD4 are not significantly different between the dyn™'-
and dyn****-transfected cells (P > 0.05) (Fig. 2A), the differ-
ence in transduction efficiency does not result from differences
in expression levels of the surface receptors. These data show
that overexpression of dyn®*** suppressed the transduction of
2277 using the CD4 molecule for entry, indicating that en-
docytosis likely plays a role in the entry of the 2.2ZZ vector.
We also tested the role of endocytosis in the entry of 2.2Z7Z
using CD4 genes that differ in endocytosis properties. Muta-
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tion or truncation of the cytoplasmic tail results in mutants of
CD#4 that internalize at reduced rates (1). While wild-type CD4
molecules internalize at a rate of 5%/min, the mutant CD4
molecules internalize at a rate that is fourfold lower (24). We
generated 293T cell lines that stably express wild-type CD4,
CD4 with a mutation at Ser408, and cytoplasmic tail-truncated
CD4. Staining by phycoerythrin (PE)-conjugated antibodies
(clone S3.5; Caltag) of domain I of CD4 showed similar levels
of CD4 molecules on the surfaces of cells (P > 0.05) (Fig. 2B).
VSV-G pseudotypes and 2.2Z7Z vectors with anti-CD4 anti-
bodies were used to transduce cells expressing either wild-type
or mutant CD4. For VSV-G pseudotypes and 2.2Z7Z vectors
with anti-HLA antibodies, transduction efficiency was not sig-
nificantly different between cells expressing wild-type and
those expressing mutant CD4 (P > 0.05) (Fig. 2B). However,
transduction efficiency by the 2.2Z7Z vector with anti-CD4 an-
tibodies was significantly reduced (P < 0.05) in cells expressing
mutant CD4 (Fig. 2B). These data suggest that 2.2ZZ targeted
to CD4 on the cell surface enters those cells via endocytosis of
the CD4 molecules.

The most common endocytic pathway through which viruses
enter cells is the clathrin-mediated pathway, the classic low-
pH-dependent pathway. To determine whether the clathrin
pathway is required for the 2.2Z7Z vector, as it is for native
Sindbis virus, we first blocked the clathrin pathway by neutral-
izing the endosome environment using 125 nM bafilomycin A
(23) for 30 min. The 293T/CD4 cells were treated with bafilo-
mycin A 30 minutes before, and again during, transduction.
VSV-G pseudotypes, 2.2Z7Z vectors with anti-HLA or anti-
CD#4 antibodies, and GALV pseudotypes were examined for
transduction efficiency. Transductions by VSV-G pseudotypes
and 2.2Z7 vectors with anti-HLA or anti-CD4 antibodies were
all blocked in cells treated with bafilomycin A (Fig. 3A), while
transductions by GALV pseudotypes were not affected. Since
the surface levels of HLA and CD4 are not significantly dif-
ferent between the non-reagent-treated and bafilomycin A-
treated cells (P > 0.05) (Fig. 3B), the difference in transduc-
tion efficiency does not result from differences in expression
levels of the surface receptors. These results are consistent
with utilization of the endocytic pathway by native VSV as well
as the HLA and CD4 molecules and further indicate that the
entry of 2.2Z7 vector is via clathrin-mediated endocytosis.

Besides using acidification inhibitors, we applied a more
direct means that utilized a dominant-negative mutant of
Eps15, EA95/295, to demonstrate that infectivity occurs via the
clathrin-mediated pathway (3, 4). Eps15 is a protein that binds
to the AP-2 adapter required for internalization by clathrin-
coated pits. The dominant-negative form of EpslS inhibits
endocytosis by clathrin-coated pits by competing with the en-
dogenous Eps15 for AP-2 (3). The 293T/CD4 cells were tran-
siently transfected with EA95/295. Another mutant, DIITIA2 (3,
4), which lacks the AP-2 binding domain, was used as a nega-
tive control. These two plasmids, EA95/295 and DIIIA2, con-
tain the enhanced green fluorescent protein (EGFP), and so
transfection efficiency could be monitored by measuring the
EGFP" cells. Lentiviral vectors (FU11mCherry) that express
mCherry protein instead of EGFP were used to generate the
VSV-G pseudotypes and 2.2ZZ vectors. The 293T/CD4 cells
overexpressing the EGFP-tagged EA95/295 and DIIIA2 pro-
teins were transduced by VSV-G pseudotypes and 2.2Z7Z vec-
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FIG. 2. Transduction of 2.2ZZ in 293T/CD4 cells was blocked by the dominant-negative mutant of dynamin and decreased in the CD4 mutant
cells. (A) (Top) Three micrograms of hemagglutinin-tagged wild-type dynamin or dominant-negative mutant of dynamin was transfected into 1.2 X
10° 293T cells stably expressing CD4 molecules by FuGENE (Roche). Cells (1 X 10°) were stained with antihemagglutinin antibodies 24 h
posttransfection. (Bottom left) Forty-eight hours posttransfection, 1 X 10° cells were transduced by 20 ng (HIV-1 p24) VSV-G pseudotyped
lentiviral vectors, 2.2Z7Z vectors with 0.4 wg anti-HLA or anti-CD4 antibodies, 2.2Z7Z vectors in the absence of antibodies, and GALYV pseudotyped
lentiviral vectors for 2 h. Three days postinfection, transductions were monitored by EGFP expression. P values represent significances of
differences between dyn™"- and dyn****-transfected cells. (Bottom right) Staining of the surface HLA and CD4 molecules. The number of HLA
or CD4 molecules/cell was determined by normalizing the mean fluorescence of the cells to that of commercial PE beads. P values represent
significances of differences between dyn™'- and dyn®**-transfected cells. (B) (Left) Staining of the surface CD4 molecules on 293T cells stably
expressing wild-type CD4, Ser408A CD4, and truncated CD4. The number of CD4 molecules/cell was determined by normalizing the mean
fluorescence of the cells to that of commercial PE beads. P value represents significance of difference among cells expressing wild-type CD4, Ser408
CD4, and truncated CD4. (Right) 293T cells (1 X 10°) stably expressing wild-type CD4, Ser408A CD4, and truncated CD4 were transduced by
20 ng (HIV-1 p24) VSV-G pseudotyped lentiviral vectors, 2.2ZZ vectors with 0.4 ug anti-HLA or anti-CD4 antibodies, and 2.2ZZ vectors in the
absence of antibodies for 2 h. Three days postinfection, transductions were monitored by EGFP expression. P values represent significances of
differences among cells expressing wild-type CD4, Ser408 CD4, and truncated CD4.

tors conjugated with anti-HLA or anti-CD4 antibodies. Am-
photropic murine retrovirus fuses at the plasma membrane
(11); therefore, lentiviral vectors pseudotyped by amphotropic
murine retroviral envelope were included as a negative control.
Infectivity was assessed by measuring the mCherry™ cells. Our
results showed that transductions by VSV-G pseudotypes and

2277 vectors with anti-HLA or anti-CD4 antibodies were
markedly inhibited within the EGFP™ cell populations (mea-
sured by ratio of mCherry”/EGFP* to mCherry*/EGFP~
cells) overexpressing the EA95/295 protein compared to cells
overexpressing the DIIIA2 protein (P < 0.05) (Fig. 4A and B).
Transductions by amphotropic pseudotypes were not signifi-
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FIG. 3. Acidification inhibitors blocked transduction of 2.2ZZ. (A) 293T cells (1 X 10°) stably expressing CD4 molecules were pretreated with
125 nM bafilomycin A for 30 min. Cells were then transduced by 20 ng (HIV-1 p24) VSV-G pseudotyped lentiviral vectors, 2.2Z7Z vector with 0.4
pg anti-HLA or anti-CD4 antibodies, and GALV pseudotyped lentiviral vectors for 2 h in the presence of bafilomycin A. Two hours later, viruses
were removed and cells were washed once with 1X phosphate-buffered saline and cultured in medium for 3 days. Transductions were monitored
by EGFP expression. (B) Staining of the surface HLA and CD4 molecules. The number of HLA or CD4 molecules/cell was determined by
normalizing the mean fluorescence of the cells to that of commercial PE beads. P values represent significances of differences between

non-reagent-treated and bafilomycin A-treated cells.

cantly affected by the clathrin pathway inhibitor, EA95/295.
Since the surface levels of HLA and CD4 are not significantly
different between the EA95/295- and DIIIA2-transfected cells
(Fig. 4C), the difference in transduction efficiency does not
result from differences in expression levels of the surface re-
ceptors. These results confirm that 2.2Z7Z targeting to the CD4
molecule enters cells via the clathrin-mediated pathway.

Our results provide insight into the mechanism of infection
by our targeting vectors. The efficiency of transduction in-
creases with greater CD4 receptor density and higher rates of
endocytosis. Thus, the properties of any given receptor will be
critical for the future application of targeting to specific cells
for laboratory or clinical purposes.

These results have implications for the evolution of viral
entry processes. The clathrin-dependent pathway for endocy-
tosis utilized by ZZ virus entry when directed to CD4 as a
receptor is the same pathway utilized by native Sindbis virus
envelope, which utilizes heparin sulfate and laminin as recep-
tors. Thus, redirection of viral tropism to utilize completely
different binding receptors still maintains the same fundamen-
tal pathway for entry. Using antibodies to redirect viral infec-
tivity through different cell surface molecules can be consid-
ered to reflect a natural evolutionary process whereby viruses
acquire the ability to utilize different cell surface receptors. In
nature, this evolution probably occurs through genetic varia-
tion rather than through bridging molecules such as antibodies;
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FIG. 4. Transduction of 2.2ZZ in 293T/CD4 cells was blocked by dominant-negative mutant of Eps15. (A) Three micrograms of EGFP-fused
dominant-negative mutant of Eps15 (EA95/295) and DIIIA2, which lacks the AP-2 binding domain, was transfected into 1.2 X 10° 293T cells stably
expressing CD4 molecules by FuGENE. Forty-eight hours posttransfection, 1 X 10° cells were transduced by 100 ng (HIV-1 p24) VSV-G
pseudotyped lentiviral vectors or 2.2ZZ vector with 0.4 pg anti-HLA or anti-CD4 antibodies for 2 hours and 5 X 10* cells were transduced by 4
wl 100X concentrated amphotropic retroviral envelope pseudotyped lentiviral vectors for 6 h. Three days postinfection, transfections were
monitored by EGFP expression and transductions were monitored by mCherry expression. (B) Calculations of the ratios of mCherry"/EGFP™ to
mCherry"/EGFP™ cells. P values represent significances of differences between EA95/295- and DIIIA2-transfected cells. (C) Staining of the surface
HLA and CD4 molecules. The number of HLA or CD4 molecules/cell was determined by normalizing the mean fluorescence of the cells to that
of commercial PE beads. P values represent significances of differences between EA95/295- and DIIIA2-transfected cells.
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however, regardless of the mechanism, the first step in viral
infection is the acquisition of binding to new cell surface re-
ceptors. Our results suggest that the mechanics of subsequent
steps of internalization and fusion are conserved and therefore
occur independently of the initial ligand-receptor interaction.
Thus, at least in the case of Sindbis virus, docking of envelope
to the receptor and subsequent internalization and fusion
events are likely to have evolved independently.
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