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Despite advances in vector technology, inefficient gene 
transfer still limits clinical efficacy of cancer gene ther-
apy. Cell-penetrating peptides (CPPs), such as the basic 
domain of the transactivator of transcription (Tat) protein 
of HIV-1, are internalized by intact cells and have been 
used to deliver purified recombinant proteins. A combi-
nation of gene therapy with protein transduction technol-
ogy could induce a strong bystander effect and represent 
a platform to deliver proteins to target cells. However, 
whether expressed CPP can facilitate intercellular traffick-
ing, i.e., a bystander effect, is controversial. Our data sug-
gest that expressed fusion proteins that contain the basic 
domain of Tat do not induce a detectable bystander effect. 
However, Tat-fusion proteins that also contain a secretory 
signal peptide (SP) can induce a bystander effect in vitro, 
although the in vivo effect is small. Surprisingly, despite 
the presence of a SP, the bystander effect does not seem 
to be related to secretion of the fusion protein. In fact, 
Tat-fusion proteins are secreted very inefficiently, and 
protein transduction seems largely mediated by fusion 
proteins that are released by cell lysis. Modification of Tat 
can improve secretion efficacy and prevent cleavage by 
the endoprotease furin, but passage through the secre-
tory pathway is associated with reduced transduction 
activity of Tat-fusion proteins.

Received 10 July 2010; accepted 22 November 2010; published online 
21 December 2010. doi:10.1038/mt.2010.283

Introduction
As the biology that underlies cancer development is being 
unmasked, numerous excellent targets for cancer therapy have 
been discovered. Gene therapy can exploit known genetic aber-
rations in cancer, but many obstacles related to vector technology 
remain unsolved. Inefficient gene transfer has been identified as 
one of the main hurdles toward clinical success. Even with repli-
cation competent viral vectors and direct intratumoral injection, 
only a minority of tumor cells can be transduced, and limitations 

of viral spread have proved to be very difficult to overcome. 
Facilitation of intercellular trafficking of the expressed therapeutic 
protein, i.e., a bystander effect, could be an alternative strategy to 
improve the efficacy of cancer gene therapy.

About 20 years ago, cellular uptake of the transactivator of 
transcription (Tat) protein of HIV-1 was first reported.1 Since then, 
many cell-penetrating peptides (CPP), such as penetratin, VP22 
and synthetic oligoarginine, have been described to cross intact 
cell membranes and deliver proteins or other macromolecules. Tat 
remains the most widely studied CPP, and it has become clear that 
only the basic domain (amino acid 47–57) is required for protein 
transduction.2 Recombinant CPP are well studied and the number 
of applications is increasing rapidly.3 However, relatively few stud-
ies have investigated the characteristics of nonpurified CPP gener-
ated with mammalian expression systems. Furthermore, whether 
expressed CPP can facilitate intercellular trafficking and improve 
the spread of the protein product of a transgene is controversial. 
If feasible, expressed CPP could represent a strong platform to 
deliver proteins to target cells with many potential therapeutic 
applications.

Cellular release, the first step of intercellular trafficking, has 
been reported for HIV-1 Tat,4–9 and nanomolar Tat concentra-
tions were detected in the serum of HIV-infected patients.10 
Transcellular transactivation activity of HIV Tat has also been 
demonstrated.9,11 However, intercellular trafficking of green fluo-
rescent protein (GFP) fused Tat has only been demonstrated when 
fusion proteins were released by cell membrane disruption.12 The 
basic domain of Tat fused to thymidine kinase (TK) resulted in an 
enhanced bystander effect serving as indirect evidence for intercel-
lular trafficking.13,14 Tat-fusion of β-glucoronidase, expressed with 
an adenovirus, has been shown to facilitate significant intercellu-
lar trafficking and improved biodistribution of the functional pro-
tein.15 In this context, it is important to note that β-glucoronidase 
contains a strong secretory signal peptide (SP), and other more 
recent publications support the concept that secreted Tat-fusion 
proteins can mediate intercellular trafficking.16–20

The data we present here indicate that Tat-fusion proteins that 
contain a secretory SP can support a bystander effect. Surprisingly, 
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the effect does not seem to be related to secretion of the fusion 
protein. In fact, Tat-fusion proteins are secreted very inefficiently, 
and protein transduction is largely mediated by fusion proteins 
that are released by a mechanism of cell lysis. Modification of Tat 
can greatly improve secretion efficacy, but secreted Tat-fusion 
proteins have reduced transduction activity.

Results
The basic domain of HIV-Tat, fused to fluorescent 
proteins, does not support a bystander effect
Whether CPP can facilitate cell-to-cell transfer of a fused protein 
is controversial. To examine this question, an adenoviral vector 
(AdTatDs) that expresses DsRed-monomer fused to the basic domain 
of Tat was constructed (Figure 1a). The vector also expresses GFP 
from a separate promoter. This dual expression system facilitates 

differentiation between infected cells (green and red fluorescent) and 
cells that are subject to Tat-mediated intercellular transport of DsRed 
(red-fluorescent only). A control virus that expresses DsRed without 
fusion to Tat (AdDs) was also generated. A549 cells were infected 
with AdTatDs and mixed with uninfected cells. Fluorescent images 
of living cells were obtained at 24 hour after cell mixing (Figure 1b). 
Many infected cells coexpressing GFP and TatDsRed were seen. 
However, no exclusively red-fluorescent cells were detected, indicat-
ing the absence of a bystander effect. Similar results were obtained 
using H1299 and SCC15 cells (data not shown). Continued observa-
tion for up to 72 hour also did not show any evidence for intercel-
lular transfer of TatDsRed (data not shown).

The first step for intercellular trafficking of a Tat-fusion protein 
must be its release from the expressing cells. Cellular release of 
the full-length HIV-1 Tat protein has been described, but whether 
Tat-fusion proteins that contain only the basic domain can exit 
intact cells is controversial. Hence, the lack of cellular release 
of Tat-fusion proteins could be an explanation for the absence 
of a bystander effect. To test whether TatDsRed is released by 
intact cells, cell lysates and tenfold concentrated supernatants of 
AdTatDs and AdDs-infected cells were analyzed by immunoblot-
ting. TatDsRed, DsRed, and GFP were detected in the cell lysates of 
infected cells, but no signal could be observed in the supernatants, 
indicating that TatDsRed is not released from cells at detectable 
levels (Figure 1c). Similar results were obtained when lysates and 
supernatants were analyzed with fluorometry (data not shown).

These experiments support the conclusion that fusion proteins 
that contain the basic domain of Tat are not released from intact 
cells and do not support a bystander effect.

The addition of a secretory SP results  
in intercellular transfer of Tat-fusion proteins
If the lack of cellular release of Tat-fusion proteins prevents inter-
cellular trafficking, the addition of a secretory SP could result 
in the induction of a bystander effect. To test this hypothesis, 
adenoviral vectors were created that express TatDsRed or DsRed 
fused to the SP of the murine immunoglobulin Κ-chain (Ad-SP-
TatDs, Ad-SP-Ds). Both viruses also coexpress GFP. H1299 cells 
were infected with the respective viruses. At 24 hour, cells were 
trypsinized to remove unabsorbed virus and supplied with fresh 
medium. At 48 hour after infection, the conditioned medium was 
filtered and applied to fresh A549 cells. Fluorescent images of the 
treated living cells were obtained 24 hours later. Cells treated with 
conditioned medium from Ad-SP-TatDs-infected cells, but not 
those treated with medium from Ad-SP-Ds-infected cells, showed 
perinuclear red-fluorescent vesicles, suggesting cellular uptake of 
TatDsRed (Figure 2a). No GFP was observed in any cell, confirm-
ing the absence of viral carry over (data not shown).

To confirm that Tat-mediated cell-to-cell transfer is not spe-
cific to DsRed or the murine immunoglobulin Κ-chain SP, plas-
mids were constructed expressing TatCherry or TatTomato fused 
to a strong artificial secretory SP21 (SP-TatCherry, SP-TatTomato). 
Corresponding control plasmids without Tat were also made. 
A549 cells treated with conditioned medium from transfected 
cells were positive for TatCherry and TatTomato, but not the fluo-
rescent proteins without Tat (Figure 2b). The same experimental 
design also showed uptake of TatTomato (but not Tomato) into 
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Figure 1 T he basic domain of HIV-1 Tat, fused to fluorescent proteins, 
does not support a bystander effect. (a) Schematic representation of 
the genome of the constructed adenoviral vectors. AdTatDs contains 
a DsRed transgene with an n-terminal fusion to amino acid 47–57 of 
Tat, inserted into the E1 deletion site. A control virus, AdDs, lacks Tat 
but is otherwise identical. Both viruses also contain a GFP transgene. 
(b) A549 cells were infected with AdTatDs and mixed with uninfected 
cells. Fluorescent images of living cells were obtained 24 hour after cell 
mixing. Infected cells were identified by red and green cofluorescence. 
No exclusively red-fluorescent cells (which would indicate Tat-mediated 
transduction) were observed. (c) Immunoblot of lysates and superna-
tants of infected cells. H1299 cells were infected with AdDs or AdTatDs. 
After 48 hour, cells and supernatants were harvested. Lysates and tenfold 
concentrated supernatants were analyzed by immunoblotting. CMV, 
cytomegalovirus; GFP, green fluorescent protein; Tat, transactivator of 
transcription (Tat) protein of HIV-1.
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HeLa cells, MRC-9 fibroblasts and human umbilical vein endothe-
lial cells (HUVEC) (Supplementary Figure S1).

It is mostly agreed that purified Tat-fusion proteins and other 
CPP are taken up by a mechanism of endocytosis and accumu-
late in late endosomal structures. Time-course experiments that 
we carried out with expressed Tat-fusion proteins were consistent 

with endocytotic uptake. Cells were treated with conditioned 
medium from SP-TatTomato-transfected cells. Red-fluorescence 
was first observed in living cells at 30 minutes, and was mark-
edly intensifying at 2 and 4 hour (Supplementary Figure S2). 
To further confirm that the Tat-fusion proteins were not merely 
attached to the cell surface and to determine their intracellular 
localization, cells were again exposed to the conditioned medium 
of SP-TatTomato-transfected cells. Cells were then incubated with 
LysoTracker Blue, which selectively accumulates in lysosomes. 
Visualization of TatTomato showed fluorescent vesicular struc-
tures as observed in previous experiments. Lysosomes, identified 
with LysoTracker Blue, showed a similar intracellular distribu-
tion. Merged images showed almost complete overlap, suggesting 
late endosomal/lysosomal localization of transduced TatTomato 
(Figure 2c).

SP-Tat-fusion proteins support a bystander  
effect in vitro
To determine whether expressed SP-Tat-fusion proteins would 
transduce surrounding cells, i.e., induce a bystander effect; an 
adenovirus was generated that expresses GFP in addition to 
SP-TatCherry (Ad-SP-TatCherry). As mentioned, this dual expres-
sion system allows for the clear distinction between infected and 
protein-transduced cells. An identical control virus that lacks Tat 
(AD-SP-Cherry) was also constructed. H1299 cells were infected 
and mixed with uninfected A549 cells. Fluorescent images of liv-
ing cells were taken 48 hour after cell mixing. Infected cells were 
identified by red and green cofluorescence. Numerous exclusively 
red-fluorescent cells were observed, indicating Tat-mediated 
transduction of uninfected cells (Figure 3a). No exclusively red-
fluorescent cells were present when uninfected cells were mixed 
with control-virus-infected (Ad-SP-Cherry) cells.

To further confirm this finding and to avoid the potential prob-
lem of uneven GFP expression in infected cells, uninfected cells 
were labeled with CellTracker Blue. For this experiment, H1299 
cells were again infected with the virus that expresses SP-TatCherry 
and GFP. Infected cells were then mixed with uninfected cells 
labeled with CellTracker Blue. Therefore, protein-transduced cells 
could be identified by red and blue cofluorescence. When mixed 
cells were imaged, numerous cells were identified that were blue 
and red fluorescent, confirming the presence of a bystander effect 
(Figure 3b).

SP-Tat-fusion proteins support only a small  
bystander effect in vivo
To test whether a bystander effect could also be detected in vivo, 
xenograft tumors were established in nude mice using A549 
cells. Viruses, Ad-SP-TatCherry and Ad-SP-Cherry as control, 
were injected one time into the center of the tumors. After 7 days 
tumors were harvested, and frozen sections were examined by 
fluorescent microscopy. As compared to Cherry, the fluorescent 
intensity of GFP was considerably lower, possibly due to its poor 
tissue penetration. After enhancement of the signal with fluores-
cently labeled antibodies, signal strength for GFP and Cherry was 
similar. In tissue sections of Ad-SP-Cherry injected tumors, all 
fluorescent cells were green and red. In sections of tumors infected 
with Ad-SP-TatCherry, the majority of fluorescent cells showed 
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Figure 2 C ellular uptake of fluorescent proteins derived from super-
natants of SP-Tat-fusion-protein expressing cells. (a) A549 cells were 
treated with conditioned medium of cells infected with Ad-SP-TatDs or 
Ad-SP-Ds. Fluorescent and corresponding phase contrast images of the 
treated living cells were obtained at 24 hour (b) A549 cells were treated 
with conditioned medium of cells transfected with plasmids expressing 
SP-TatTomato, SP-Tomato, SP-TatCherry, or SP-Cherry. Fluorescent and 
corresponding phase contrast images of the treated living cells were 
obtained at 24 hour (c) A549 cells were exposed to the conditioned 
medium of SP-TatTomato-transfected cells followed by incubation with 
LysoTracker Blue, which selectively accumulates in lysosomes. Images 
of living cells were obtained using fluorescent microscopy. GFP, green 
fluorescent protein; SP, signal peptide; Tat, transactivator of transcription 
(Tat) protein of HIV-1.
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a similar pattern with green and red cofluorescence, indicating 
infected cells. Only a few cells were detected that were exclusively 
red-fluorescent due to Tat-mediated protein transduction. These 
data suggest that in vivo, a small bystander effect may be induced 
by SP-Tat fusion of the expressed protein. However, because of 

the small magnitude of the effect, it is unlikely to translate into a 
significant therapeutic advantage (Figure 4).

Tat-fusion proteins are poorly secreted and Tat 
is cleaved, likely by the endoprotease furin. 
Modification of Tat improves secretion efficacy  
and prevents its cleavage
In the in vitro experiments described above, we consistently 
observed poor secretion efficiency of Tat-fusion proteins. In 
addition, the basic domain of Tat is substrate to the endopro-
tease furin.22 Hence, we hypothesized that modification of Tat 

Figure 4 S ecreted Tat-fusion proteins induce a small bystander effect 
in vivo. Xenograft tumors were injected with viruses coexpressing GFP 
and SP-TatCherry (Ad-SP-TatCherry) or SP-Cherry (Ad-SP-Cherry). Tumors 
were harvested at 7 days after injection. Frozen sections were fixed and 
stained with antibodies against GFP and Cherry. Labeled secondary anti-
bodies were used to maintain a green-fluorescent signal (FITC) for GFP and 
a red-fluorescent signal (TR) for Cherry. Infected cells are red and green 
cofluorescent. Transduced cells are red-fluorescent only (arrows). FITC, flu-
orescein isothiocyanate; GFP, green fluorescent protein; SP, signal peptide; 
Tat, transactivator of transcription (Tat) protein of HIV-1; TR, texas red.
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Figure 5 S ecretion efficacy and resistance to cleavage of wild type 
and modified Tat fusion proteins. (a) Secretion efficacy of Tat-fusion 
proteins. SP-TatCherry, SP-TatmCherry and SP-Cherry were transfected 
into H1299 cells. At 24 hour, cells were supplied with fresh medium, and 
after 5 hour incubation, supernatants and cell lysates were analyzed for 
fluorescent intensity. Three independent experiments were performed 
and SEs are indicated. (b) Identical experiments were carried out in the 
presence of 1 μg/ml brefeldin A. (c) Tatm is resistant to cleavage. Lysates 
of cells transfected with plasmids expressing SP-Cherry, SP-CherryTatV5, 
and SP-CherryTatmV5 were analyzed by immunoblotting with an anti-
body against Cherry (upper panel) and V5 (lower panel). SP, signal pep-
tide; Tat, transactivator of transcription (Tat) protein of HIV-1.
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Figure 3 S P-Tat-fusion proteins support a bystander effect in vitro. 
(a) Cells were infected with viruses coexpressing GFP and SP-TatCherry 
(Ad-SP-TatCherry) or SP-Cherry (Ad-SP-Cherry) and mixed with unin-
fected cells. Infected cells are indicated by red and green cofluores-
cence. Transduced cells (*) are exclusively red fluorescent. (b) Cells were 
infected with Ad-SP-TatCherry and mixed with uninfected cells labeled 
with CellTracker Blue. Infected cells are indicated by red and green coflu-
orescence (arrows). Transduced cells (*) are identified by blue and red 
cofluorescence. GFP, green fluorescent protein; SP, signal peptide; Tat, 
transactivator of transcription (Tat) protein of HIV-1.
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to improve secretion efficacy and to prevent Tat cleavage would 
increase the magnitude of a Tat-mediated bystander effect. The 
basic domain of Tat is highly positively charged, which has been 
shown to negatively correlate with secretion efficacy.18 A modi-
fied Tat (YARAAARQARA) (named Tatm from hereon) with 
reduced cationic charge and a stabilized α-helical structure has 
been described. Using a synthesized version of this peptide, a 
greater than 30-fold increase in transduction activity compared 
to unmodified Tat has been reported.23 In addition, Tatm does not 
contain a furin-recognition site.

To test secretion efficacy of Tatm-fusion proteins, plasmids 
expressing SP-TatCherry, SP-TatmCherry and SP-Cherry were 
transfected into H1299 cells. At 24 hour, cell were rinsed and sup-
plied with fresh medium. After 5 hours incubation time, superna-
tants and cell fractions were analyzed by fluorometry. Compared 
to Cherry, TatCherry was released into the supernatant very inef-
ficiently. In contrast, fusion of Cherry to Tatm resulted in unin-
hibited secretion of the protein (Figure 5a), confirming that Tat 
modification can improve secretion efficacy.

To investigate the mechanism of secretion, the same experi-
ment was carried out in the presence of brefeldin A, which blocks 
protein transport from the endoplasmic reticulum (ER) to the 
Golgi.24 Brefeldin A almost completely inhibited release of Cherry 
or TatmCherry (Figure  5b), suggesting secretion of these two 
fusion proteins via the classical pathway.

To test whether modification of Tat would prevent its cleavage 
in expressing cells, plasmids that express c-terminal Tat or Tatm 
fused to a V5 Tag (SP-CherryTatV5, SP-CherryTatmV5) were 
engineered. With these constructs, cleavage within Tat should 
lead to reduced recognition of the full size fusion-protein with 
a V5 antibody, whereas recognition with an antibody against 
Cherry should not be affected. Lysates of transfected cells were 
normalized for fluorescent activity and analyzed by immunoblot-
ting. An appropriate size band of similar intensity was detected 
in all samples with an antibody against Cherry. In contrast, when 
an antibody against V5 was used on the same samples, the sig-
nal for CherryTatV5 was considerably weaker compared to 
CherryTatmV5 (Figure 5c). This suggests that Tatm, in contrast 
to Tat, is not substrate to cleavage (likely by furin) in this experi-
mental setting.

Secretion of Tatm-fusion proteins is associated  
with reduced transduction activity
The aim of the following experiment was to test the transduc-
tion activity of secreted Tatm-fusion proteins. To analyze trans-
duction activity strictly in the secreted fraction, the experiments 
were designed to minimize contamination of the secreted fusion 
proteins with those originating from lysed cells. Forty-eight hours 
after transfection with a plasmid expressing SP-TatmCherry, cells 
were rinsed and supplied with fresh medium. The supernatant was 
carefully aspirated after 3.5 hour and filtered to remove any cel-
lular components. Cell lysates were also prepared. Samples were 
normalized for fluorescent intensity and applied to fresh cells. 
SP-TatmCherry, released by a mechanism of cell lysis, was taken 
up by the treated cells (Figure 6a). However, cells that were treated 
with the corresponding supernatant showed minimal fluorescent 
activity, suggesting that secretion of TatmCherry is associated with 

reduced transduction activity. The experiment was repeated more 
than three times with similar results. Even when cells were treated 
with maximum amounts of secreted TatmCherry, little transduc-
tion activity was observed, as long as contamination with lysed 
cells was strictly avoided. This experiment was also carried out 
using 293 cells as producer cells, again with similar results (data 
not shown).

To examine whether reduction of transduction activity of the 
secreted fusion-protein was specific to Cherry or a more gen-
eral phenomenon, Cherry was replaced with a modified double 
V5 tag. SP-TatmV5V5 or SP-V5V5 expressing plasmids were 
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Figure 6 T ransduction activity of secreted Tatm-fusion proteins com-
pared to those derived from cell lysis. (a) Cells were treated with the 
normalized (for fluorescence) lysates or supernatants of cells transfected 
with SP-TatmCherry. Conditions were optimized to minimize contamina-
tion of the supernatants with lysed cells. Fluorescent and corresponding 
phase contrast images of the treated living cells are shown. (b) Cells were 
transfected with SP-TatmV5V5 or SP-V5V5. Cell lysates and concentrated 
supernatants were applied to fresh cells. The upper panel shows an immu-
noblot with an antibody against V5, analyzing samples of supernatants 
and lysates of transfected cells, used to treat the fresh cells. The lower 
panel shows an immunoblot analyzing samples of the treated cells. SP, 
signal peptide; Tat, transactivator of transcription (Tat) protein of HIV-1.
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transfected into H1299 cells, and A549 cells were treated with 
the lysate or concentrated supernatant of the transfected cells. 
Normalization, as was done in the experiments with fluorescent 
fusion proteins, was not possible with this experimental design, 
but immunoblot analysis of the concentrated supernatant and 
lysate of transfected cells showed strong expression and secre-
tion of the fusion proteins (Figure 6b upper panel). Analyzing 
the lysates of treated cells, a strong signal was only detected in 
samples from cells treated with SP-TatmV5V5 released by cell 
lysis (Figure 6b lower panel). Only a very faint band was visible 

in samples from cells treated with the corresponding superna-
tant, indicating that transduction activity of TatmV5V5 was 
reduced in the process of being secreted.

These experiments suggest that alteration of Tatm in the secre-
tory pathway leads to reduced transduction activity of the fusion 
protein. These results also suggest that transduction activity in the 
previous experiments (Figures 2 and 3) was mediated to a large 
extent by fusion-protein released through cell lysis, and could be 
one explanation for the small magnitude of the in vivo bystander 
effect.
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Transduction activity of SP-Tatm, released from 
expressing cells, is reduced compared to unmodified 
SP-Tat-fusion proteins. Intracellular localization of the 
fusion-protein in the expressing cells may influence 
transduction activity
Using synthesized peptides, Tatm has been reported to have sub-
stantially increased transduction activity, compared to unmodi-
fied Tat.23 To test transduction activity of expressed Tat and 
Tatm-fusion proteins quantitatively, flow cytometry was used to 
analyze cells treated with lysates of transfected cells (Figure 7a). 
SP-TatCherry showed higher transduction activity (47% positive 
cells) compared to SP-TatmCherry (26%). As mentioned, this 
observation contrasts published results (obtained using synthe-
sized peptides) and may point toward altered characteristics of 
expressed CPP compared to synthesized versions.

In the absence of a SP (TatCherry), Tat had very low trans-
duction activity (13%). Considering that all fusion proteins in 
this experiment were released by cell lysis, the cause of increased 
transduction activity in the presence of a SP is not immediately 
apparent. However, cell-compartment-dependent alterations of 
the expressed fusion protein could account for these findings.

To investigate this hypothesis and to correlate transduction 
activity with intracellular localization of the expressed fusion-
protein, cells were transfected with the respective plasmids and 
costained with ER-Tracker Green and DAPI. Images were obtained 
using confocal microscopy (Figure 7b). As expected, Cherry was 
present throughout cytoplasm and nucleus. The addition of a 
secretory SP to Cherry caused its translocation into the ER. The 
basic domain of Tat contains a nuclear localization signal,25 and 
expressed Tat-GFP has been reported to concentrate in nuclear 
and nucleolar localization.26 In our experiments with TatCherry, 
nucleolar accumulation was most pronounced. Interestingly, 
addition of a SP to TatCherry resulted in predominant cytoplas-
mic localization. Significant colocalization with the ER was not 
observed. This could be due to competing localization signals 
from Tat and the SP, and may explain the poor secretion efficacy of 
Tat-fusion proteins. In contrast, SP-TatmCherry, which does not 
contain a nuclear localization signal, displayed strong colocaliza-
tion with the ER, consistent with our experiments shown above 
indicating secretion via the classical pathway.

These studies suggest that intracellular localization and modi-
fication of Tat (or Tatm) in the expressing cells influence transduc-
tion activity of the fusion protein. Colocalization with the ER and 
release through the secretory pathway is associated with reduction 
of transduction activity.

Discussion
Clinical success of cancer gene therapy has been hampered by 
inefficient gene transfer and the absence of a strong bystander 
effect with most vector systems. Recombinant or synthesized CPP 
have increasingly been used to deliver therapeutic proteins into 
cells. However, whether CPP can support intercellular transport of 
fused proteins is controversial. Our data indicate that Tat-fusion 
proteins without a SP are not released by the expressing cell, and 
do not induce a significant bystander effect.

These results are in agreement with previous reports that failed 
to demonstrate evidence for intercellular transport of Tat-GFP 

and Tat-lymphocytic choriomeningitis virus nucleoprotein.12,27,28 
Constructs in these reports did not contain a SP and the expressed 
fusion proteins were not inducing cell lysis. Protein transduction 
activity of Tat-GFP was only detected when homogenates pre-
pared from cells infected with the Tat-GFP-expressing adenovirus 
were applied to fresh cells.12 The effect was small, and is consistent 
with our results using TatCherry released by cell lysis (Figure 7a). 
Other studies give indirect evidence that Tat-fusion proteins can 
support a bystander effect. Tat fused to TK has been shown to 
increase a bystander effect and therapeutic efficacy of the TK/gan-
ciclovir system.13,14 Although cellular export of Tat-TK was sug-
gested in one study,13 significant amounts of Tat-TK were detected 
in the supernatant of Tat-TK-expressing cells only in the pres-
ence of ganciclovir,14 which induces cell lysis. Full-length Tat is 
released from infected cells via a nonclassical export mechanism.8 
In primary CD4+ T-cells, Tat binds to phosphatidylinositol-4,5-
bisphosphate in the cell membrane, which facilitates Tat secretion. 
Residue 11 seems to be critical for this process.9 Thus, it seems 
unlikely that fusion proteins containing only the basic domain 
(amino acids 47–57) are actively exported by this mechanism. In 
summary, it seems most likely that expressed Tat-fusion proteins 
that consist of only the basic domain are not actively exported. 
Hence, the induction of a relatively small bystander effect depends 
on the release of the fusion-protein by cell lysis, a concept which 
has also been proposed by others.29

Our data suggest that the addition of a SP to Tat-fusion proteins 
supports a bystander effect in vitro. However, Tat-fusion proteins 
are secreted at extremely low levels, and the effect seems largely 
mediated by fusion proteins that are released by cell lysis. In vivo, 
the magnitude of the bystander effect is probably not sufficient to 
be of therapeutic benefit. Poor secretion efficiency of Tat-fusion 
proteins and cleavage by the endoprotease furin can be overcome 
with modification of the original Tat sequence. However, localiza-
tion within the secretory pathway is associated with reduced trans-
duction activity of modified Tat-fusion proteins. Hence, alteration 
of Tat-fusion proteins in the producer cells may be an additional 
obstacle to the induction of an efficient bystander effect.

Remarkably, the presence of a SP enhances the transduc-
tion activity of fusion proteins that are released by cell lysis. 
Explanations for these unexpected results remain speculative. The 
increased activity in the context of a SP could be due to altered 
intracellular localization. Alternatively, the effect could be due to 
the SP itself, which is probably not cleaved, as SP-Tat-fusion pro-
teins do not colocalize with the ER. Signal peptides contain a large 
hydrophobic domain, and hydrophobicity of CPP-fusion peptides 
has been shown to correlate with transduction activity.30

Other studies also support the concept that signal-peptide-
containing Tat-fusion proteins generated with mammalian 
expression systems can induce a bystander effect. Cells treated 
with supernatants from SP-TatGFP-expressing cells were shown 
to be positive for GFP.17,19,20 Other cargo proteins were also used 
successfully.16,18

Low secretion efficiency of SP-Tat-fusion proteins has been 
observed by other investigators and may negatively correlate 
with the cationic charge of the protein transduction domain.17,18 
Modified Tat-derived transduction domains, similar to the one 
used in our studies, have been reported to be secreted efficiently 
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and to support intercellular transport of fused GFP. Using apop-
tin as cargo protein, function in the target cell was reported.16 
Increased apoptotic activity was also seen due to Tat-mediated 
transduction of secreted Caspase-3 subunits.20 In contrast, Cre 
recombinase activity (as a marker for nuclear delivery) was only 
seen in the target cells in the presence of chloroquine, which facili-
tates endosomal escape.18

Using purified recombinant proteins, trapping of Tat-fusion 
proteins in late endosomes has been recognized as one of the 
major factors that limit function of the transduced protein in the 
target cell.31 Our data indicate that expressed Tat-fusion proteins, 
similar to purified ones, accumulate in late endosomes/lysosomes 
in transduced cells. Hence, a strategy to enhance lysosomal escape 
needs to be employed for optimal protein function, such as the 
use of the HA2 peptide of the influenza hemagglutinin protein.31 
Other investigators reported that internalized (expressed) Tat-
fusion proteins concentrate in the Golgi.17 This discrepancy could 
be related to different cargo proteins or differences in fusion-
protein concentration, which has been shown to affect the mecha-
nism of cellular uptake of CPP.32 Cell fixation, which may alter 
intracellular localization of Tat-fusion proteins,33 was not used in 
our in vitro experiments evaluating transduced cells.

The modified Tat that was used in this study was originally 
designed to feature a stabilized α-helical structure. Using syn-
thesized peptides, Tatm was shown to have increased transduc-
tion potential,23 although other investigators were unable to 
reproduce these data using E. coli–expressed fusion proteins.26 
Derived from supernatants of transfected cells, a very similar 
CPP (YARKAARQARA) was reported to be more efficient to 
transduce target cells compared to the original Tat sequence.16 In 
our experience, quantitative direct comparison between secreted 
Tat and Tatm is difficult because of the low secretion efficiency of 
Tat-fusion proteins. However, using fusion proteins released by 
cell lysis, transduction potential of Tatm was reduced compared 
to Tat. In view of the published results mentioned above and the 
fact that Tatm is not substrate to furin cleavage (in contrast to 
the original Tat), this observation was not anticipated. These 
results point toward significant differences between synthetic 
and expressed CPP, which may be altered in the environment of 
the producer cells. However, based on the presented experiments, 
we also cannot rule out intrinsic inferior transduction activity of 
Tatm.

In summary, SP-Tat-fusion proteins can induce a bystander 
effect. Surprisingly, the effect seems to be mediated to a large extent 
by protein that is released by cell lysis, as Tat-fusion proteins are 
very poorly secreted. Tat modification can improve secretion effi-
cacy, but passage through the secretory pathway is associated with 
impaired transduction activity.

To improve the efficacy of this technology, the mecha-
nisms that lead to reduced transduction activity of Tat-fusion 
proteins in the producer cells need to be better understood. 
Simultaneously, Tat-fusion proteins that incorporate a cancer-
cell-lytic protein could be of therapeutic benefit and warrant 
further evaluation. To be of clinical benefit, the system also 
needs to incorporate a membrane disrupting peptide, or alter-
native measure to release the transduced fusion-protein from 
late endosomes.

Materials and Methods
Cell lines and culture. H1299 (ATCC CRL-5803; American Type Culture 
Collection, Manassas, VA) nonsmall cell lung cancer cells were cultured in 
RPMI 1640 medium with 4.5 g/l glucose, 1.0 mmol/l sodium pyruvate plus 
10% fetal bovine serum and antibiotics. A549 (ATCC CCL-185) lung adeno-
carcinoma cells were cultured in F12K medium with 10% fetal bovine serum 
and antibiotics. Human embryonic kidney cells 293 (Microbix, Toronto, 
Ontario, Canada) transformed by human adenovirus type 5, MRC-9 (ATCC 
CCL-212) normal lung fibroblast cells and HeLa (ATCC CCL-2) cervix 
adenocarcinoma cells were cultured in Eagle’s minimum essential medium 
with Earle’s salt and l-glutamine plus 10% fetal bovine serum and antibiotics. 
HUVEC cells were purchased from Cambrex (Baltimore, MD) and cultured 
in endothelial cell medium as per the manufacturer’s instructions.

Adenoviruses. AdTatDs is a replication deficient adenovirus that coex-
presses TatDsRed and GFP. The virus contains the complementary DNA 
(cDNA) for DsRed, cloned from pDsRed-monomer-N1 (Clontech, 
Mountain View, CA), which was fused to the basic domain of HIV-1 
Tat (YGRKKRRQRRR). The cDNA coding for TatDsRed was cloned 
into pAdTrack (generously provided by Dr Vogelstein, Johns Hopkins, 
Baltimore, MD). pAdTrack is an E1-deleted adenoviral shuttle plasmid 
that expresses GFP and the transgene from two separate cytomegalovirus 
promoters. Virus was generated by homologous recombination in BJ5183-
AD1 cells (Adeasy System; Stratagene, La Jolla, CA), following the manu-
facturer’s instructions.

AdDs coexpresses DsRed and GFP and is identical to AdTatDs, except 
for the omission of Tat.

Ad-SP-TatDs and Ad-SP-Ds are identical to AdTatDs and AdDs, 
except for the n-terminal fusion of TatDs or Ds to the SP of the murine 
immunoglobulin Κ-chain, which was cloned from pSecTag2 (Invitrogen, 
Carlsbad, CA).

Ad-SP-TatCherry expresses an artificial secretory SP (MWWRLWW 
LLLLLLLLWPMVWA)21 fused to the basic domain of Tat and Cherry, 
cloned from pmCherry-N1 (Clontech). The SP was generated by annealing 
and cloning of the coding sense and antisense oligonucleotides. The virus 
also coexpresses GFP.

Ad-SP-Cherry is identical to Ad-SP-TatCherry, except for the 
omission of Tat.

All viruses were amplified in 293 cells, followed by standard procedure 
of purification and titration.34

Plasmids. SP-TatCherry expresses an artificial secretory SP (MWWRLWW 
LLLLLLLLWPMVWA), fused to the basic domain of HIV-1 Tat (YGRKK 
RRQRRR) and Cherry. The plasmid is based on pmCherry-N1 (Clontech). 
The SP and Tat were generated by annealing and cloning of the coding sense 
and antisense oligonucleotides. SP-Cherry is identical to SP-TatCherry, 
except for the omission of Tat. SP-TatTomato and SP-Tomato are based 
on ptdTomato-N1 (Clontech) and are otherwise identical to the cor-
responding Cherry-expressing plasmids. SP-TatmCherry expresses the 
artificial SP fused to a modified Tat sequence23 (YARAAARQARA) and 
Cherry. Tatm was generated by cloning of the annealed sense and antisense 
oligonucleotides.

SP-CherryTatV5 and SP-CherryTatmV5 contain the cDNA for the 
artificial SP, Cherry, Tat (or Tatm) and V5 (GKPIPNPLLGLDST) all fused 
in frame in the order as written.

SP-TatmV5V5 contains the cDNA for the artificial SP fused to Tatm and 
a double modified V5 Tag (GAPIPNPLLGLDAAGAPIPNPLLGLDAA). 
SP-V5V5 is an identical plasmid without Tatm.

Assessment of the presence of a bystander effect. H1299 cells or A549 cells 
were infected with the indicated adenoviruses at 50 plaque-forming units 
per cell. At 24 hour, cells were washed three times with phosphate-buffered 
saline (PBS) and trypsinized to remove any unabsorbed virus. The infected 
cells were resuspended and mixed with uninfected H1299 or A549 cells at 
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a ratio of 1:3. A total of 1 × 105 mixed cells per well were seeded in four 
well chamber slides. Twenty-four hour or 48 hour after cell mixing, images 
of living cells were obtained with a Nikon (Nikon, Melville, NY) Eclipse 
TS100 fluorescent microscope and a Nikon DXM1200F digital camera.

To confirm the presence of a bystander effect, uninfected cells 
were labeled with CellTracker Blue 7-amino-4-chloromethylcoumarin 
(CMAC) (Invitrogen) before mixing with infected cells. At 37 °C, the 
uninfected A549 cells were incubated with 10 µmol/l CellTracker Blue 
CMAC in serum-free medium for 20 minutes, followed by 30 minute 
incubation with fresh complete medium and two times washing with PBS. 
Images of mixed living cells were obtained with a Zeiss LSM710 confocal 
microscope imaging system (Zeiss, Thornwood, NY).

Assessment of protein transduction. 1 × 106 H1299 cells were seeded in 
6 cm plates and infected with adenoviruses at 50 plaque-forming units per 
cell or transfected with 5 µg DNA of constructs as indicated. At 24 hour, 
plates were rinsed three times with PBS. Infected cells were trypsinized 
to remove unabsorbed viruses and replated. All plates were supplied with 
1.5 ml fresh medium. At 48 hour, the conditioned medium was collected, 
filtered through 0.22 µm filters and measured for fluorescence with a fluo-
rometer (Bio-TEK FL600; Bio-TEK, Winooski, VT). After normalizing 
fluorescence, the conditioned medium was applied to fresh A549 cells 
seeded in four well chamber slides at a density of 1 × 105 per well. Twenty-
four hours later, images of treated living A549 cells were obtained.

To measure transduction activity of secreted fusion proteins 
versus those released by cell lysis, the contact time of the conditioned 
medium was optimized to minimize contamination with lysed cells. At 
48 hour after transfection, plates were rinsed three times with PBS and 
replenished with 1.5 ml fresh medium. After only 3.5 hour, supernatant 
was carefully collected, filtered and concentrated threefold using Amicon 
Ultra (Millipore, Billerica, MA). Cell lysates were harvested by repeatedly 
freezing and thawing in fresh medium. Supernatants and lysates were 
normalized for fluorescence and applied to fresh cells.

To evaluate the intracellular localization of transduced Tat-fusion 
proteins, treated A549 cells were rinsed three times with PBS, incubated 
with 50 nmol/l LysoTracker Blue DND-22 (Invitrogen) in medium 
for 30 minutes at 37 °C and rinsed again with PBS. Fluorescent images 
were obtained with Zeiss Axioplan 2 microscope (×100 oil immersion 
objective) and Zeiss AxioCam camera (Zeiss).

To localize the ER, 1 × 105 H1299 cells per well were seeded in four 
well chamber slides and transfected with 0.5 µg DNA of constructs as 
indicated. At 24 hour, cells were rinsed four times with Hank’s balanced salt 
solution, incubated with 1 µmol/l ER-Tracker Green (Invitrogen) in Hank’s 
balanced salt solution for 30 minutes at 37 °C, rinsed again, and fixed in 4% 
formaldehyde for 2 minutes at 37 °C followed by two 5-minute washes with 
PBS. The final slides were loaded with ProLong Gold antifade reagent with 
4′,6-diamidino-2-phenylindole (Invitrogen) and sealed. Fluorescent images 
were obtained with a Zeiss LSM710 confocal microscope imaging system.

Assessment of secretion efficiency. At 24 hour after transfection, H1299 
cells were rinsed and supplied with fresh medium. Brefeldin A (Sigma-
Aldrich, St Louis, MO) was added at a concentration of 1 μg/ml. After 
5 hour incubation, supernatants and cell fractions were harvested. 
Supernatants were filtered to avoid cellular contamination. Cell lysates 
were generated using radio immunoprecipitation assay (RIPA) buffer plus 
protease inhibitors cocktail (Thermo Scientific, Waltham, MA) (RIPA+), 
and diluted to the same volume as the supernatants. Fluorescence in the 
cell lysates and supernatants were then measured with a fluorometer (Bio-
Rad, Hercules, CA). The experiment was carried out three times and SEs 
were calculated.

Immunoblot analysis. At 48 hour after infection with AdTatDs or AdDs, 
24 hour supernatants were filtered and concentrated tenfold. The cells 
were lysed in 200 µl RIPA+ buffer on ice for 30 minutes. Proteins from 

supernatants and lysates were separated by electrophoresis on 4–12% 
NuPAGE Novex Bis-Tris 1.0 mm sodium dodecyl sulfate gels in dupli-
cates and transferred onto PVDF membranes using the iBlot system 
(Invitrogen). Membranes were blocked and incubated with either goat anti-
DsRed (C-20) polyclonal antibodies (1:1,000) (Santa Cruz Biotechnology, 
Santa Cruz, CA) or rabbit anti-GFP antibodies (1:1,000) (Santa Cruz 
Biotechnology) over night at 4 °C, followed by incubation with secondary 
antibodies donkey anti-goat-HRP (1:1,000) (Santa Cruz Biotechnology) or 
goat anti-rabbit-HRP (1:1,000) (Santa Cruz Biotechnology) respectively 
for 1 hour at room temperature. Antibody binding was visualized with 
SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific).

To test for furin cleavage of Tat or Tatm, lysates of transfected cells were 
normalized for fluorescence. Samples were subjected to electrophoresis 
and membrane transfer in duplicates. Membranes were incubated with 
either goat anti-DsRed (C-20) polyclonal antibodies (1:1,000) followed by 
appropriate secondary antibodies or anti-V5-HRP (1:5,000) (Invitrogen).

To determine transduction activity of SP-TatmV5V5, 24 hour 
supernatants of transfected cells were filtered and concentrated greater 
than tenfold. Lysates were collected by repeated freezing and thawing of 
cells in 200 µl medium. Supernatants and lysates were applied to A549 
cells. After 24 hour, treated cells were washed four times with PBS, 
trypsinized, pelleted, washed again in PBS, and finally lysed in RIPA+ 
on ice for 1 hour lysates of treated A549 cells were normalized for total 
protein and resolved by electrophoresis. Aliquots of the original lysates 
and concentrated supernatants of transfected cells (used to treat the A549 
cells) were also loaded. After transfer, the membrane was probed with 
anti-V5-HRP (1:5,000) over night at 4 °C.

Fluorescence-activated cell sorting analysis. Lysates of transfected H1299 
cells were harvested as described. After normalization for fluorescence, 
lysates were applied to fresh A549 cells. 24 hours later, cells were washed 
six times with PBS, trypsinized to eliminate any surface-bound proteins 
and pelleted by centrifugation (Sorvall RT7 Plus; Thermo Scientific). 
Cell pellets were resuspended in fresh medium in 5 ml polystyrene tubes 
(BD falcon; BD Biosciences, Franklin Lakes, NJ) and analyzed with filters 
for Cherry using a flow cytometer LSRII and FACSDiva software (BD 
Biosciences). For each sample, 10,000 events of healthy cells were counted. 
Data were processed and graphed with FlowJo V6.3.3 software (Tree Star, 
Ashland, OR).

Xenografts in mice and immunohistochemistry. The animal experi
ments were approved by the New York University School of Medicine 
Institutional Animal Care and Use Committee. Nude mice (Taconic, NCr-
Foxn1nu) aged 6–7 weeks were injected with 3.6 × 106 A549 cells at the right 
hind flanks. When the tumors reached 5–7 mm in diameter, adenoviruses 
(7 × 109 plaque-forming units) in 50 µl were injected into the center of 
the tumors. 7 days after injection, tumors were harvested, frozen in OCT 
medium, sectioned and subjected to immunostaining. Tissues were fixed in 
cold methanol for 5 minutes, air dried, washed in PBS for 10 minutes, and 
blocked with 10% normal donkey serum in PBS in a moisture chamber for 
30 minutes. After washing with PBS, samples were incubated with rabbit 
anti-GFP (1:100) + goat anti-DsRed (1:100) in 5% normal donkey serum in 
PBS over night in the moisture chamber at 4 °C. The following day, samples 
were washed with PBS and incubated with secondary antibodies donkey-
anti-goat-texas red (1:100) (Santa Cruz Biotechnology) + donkey-anti-
rabbit-fluorescein isothiocyanate (1:100) (Santa Cruz Biotechnology) in 
5% normal donkey serum in PBS for 1 hour Finally, samples were washed, 
treated with ProLong Gold antifade reagent (Invitrogen) and sealed with 
glass coverslips and nail polish. Fluorescent images were obtained with 
Zeiss Axioplan 2 microscope and Zeiss AxioCam camera (Zeiss).

SUPPLEMENTARY MATERIAL
Figure  S1.  HeLa, MRC-9, or human umbilical vein endothelial cells 
(HUVEC) cells were treated with conditioned medium from cells infected 
with Ad-SP-TatTomato.
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Figure  S2.  Time course of cellular uptake of TatTomato. Cells 
were treated with conditioned medium from cells transfected with 
SP-TatTomato.
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