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Abstract
Cell penetrating peptides (CPPs) have been used to deliver the anti-apoptotic Bcl-xL-derived BH4
peptide to prevent injury-induced apoptosis both in vitro and in vivo. Here we demonstrate that the
nuclear localization sequence (NLS) from the SV40 large T antigen has favorable properties for BH4
domain delivery to lymphocytes compared to sequences based on the HIV-1 TAT sequence. While
both TAT-BH4 and NLS-BH4 protected primary human mononuclear cells from radiation-induced
apoptotic cell death, TAT-BH4 caused persistent membrane damage and even cell death at the highest
concentrations tested (5–10 μM) and correlated with in vivo toxicity as intravenous administration
of TAT-BH4 caused rapid death. The NLS-BH4 peptide has significantly attenuated toxicity
compared to TAT-BH4 and we established a dosing regimen of NLS-BH4 that conferred a significant
survival advantage in a post-exposure treatment model of LD90 total body irradiation.
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Introduction
Total body irradiation (TBI) produces a consistent, dose-dependent pattern of organ damage,
primarily in tissues undergoing rapid proliferation [1]. With a threshold of approximately 2
Gray TBI, there is a rapid drop in circulating blood cells that persists until surviving
hematopoietic stem cells proliferate sufficiently to reconstitute the periphery. During this
period of leukopenia, patients are susceptible to opportunistic infection and hemorrhage. At
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higher radiation doses, radio-sensitive stem cells in the small intestine crypt are also killed
causing intestinal barrier failure and allowing bacteria to invade from the gut [2] placing further
demands on the already compromised immune system.

Existing radiation treatments (such as granulocyte-macrophage colony stimulating factor or
granulocyte colony stimulating factor) stimulate hematopoietic stem cell proliferation, reduce
the extent and duration of leukopenia, and increase platelet and hematocrit values in irradiated
mice [3,4] and primates [5]. This approach is dependent upon survival of essential stem cells
following radiation exposure and becomes less successful as the fraction of surviving cells
decreases.

We and others have taken a complementary approach based on the molecular biology of
radiation-induced apoptosis. For example, the p53 tumor suppressor protein is activated
following radiation-induced DNA damage [6,7] and triggers apoptotic cell death, in part by
increasing the expression of pro-apoptotic genes such as Bax, Noxa, and Puma [8]. These gene
products trigger the formation of Bax/Bak oligomeric channels in mitochondrial membranes
[9,10], resulting in loss of mitochondrial membrane potential, cleavage of caspase-9 and
apoptosis. Recently, a small molecule inhibitor of p53, pifithrin-μ, was shown to protect
thymocytes from radiation-induced apoptosis and mice from radiation-induced death when
administered prior to TBI [11].

Transgenic mice that over-express Bcl-2 in the hematopoietic compartment are protected from
radiation-induced lymphocyte apoptosis have a significant survival advantage in lethal TBI
[12]. We and others have shown that TAT peptide-mediated intracellular delivery of the
obligate anti-apoptotic BH4 domain of Bcl-2 is remarkably versatile in preventing injury-
induced apoptosis in radiation injury, sepsis, fulminant hepatitis, cardiac ischemia-reperfusion
injury, spinal cord injury, pancreatic β-cell death and amyloid toxicity [13–19]. However, while
TAT-BH4 confers remarkable protection in acute studies, it has not been reported to ameliorate
primary end points in vivo. In fact, Cittelly, et al. showed that a 7-day course of intrathecal
TAT-BH4 exacerbated spinal cord injury in rats, shifting injury-induced cell death from
apoptosis to necrosis [20].

We now demonstrate a cellular basis for that toxicity, namely that the TAT-BH4 peptide caused
persistent damage to cell membranes and eventual permeabilization. Furthermore, we show
that an alternative CPP, the nuclear localization sequence (NLS) of the SV40 large T antigen
[21], when fused to the BH4 domain of Bcl-xL (NLS-BH4) had similar radioprotective activity
as the TAT-BH4 peptide. In vitro treatment with NLS-BH4 did not cause persistent cellular
damage or permeabilization. We also established a post-irradiation dosing regimen of NLS-
BH4 that significantly enhanced survival following lethal radiation injury.

Materials and Methods
Peptide Synthesis

Peptides were synthesized using standard Fmoc/HOBt chemistry, cleaved from the resin and
purified using preparative scale HPLC to >95% (Tufts University Core Facility, Waltham,
MA) [22]. Peptide sequences (Table 1) were confirmed using mass spectrometry.

Isolation of primary human lymphocytes
Peripheral blood mononuclear cells (PBMCs) were obtained from fresh whole blood of healthy
human volunteers after differential migration over Ficol Paque Plus. Cells were cultured in
RPMI 1640 supplemented with 10% FBS, 0.1% 2-mercaptoethanol, and 1% non-essential
amino acids, and incubated at 37 °C in 5% CO2 at a density of 1×106 cells/mL unless otherwise
noted. Informed consent was obtained from healthy volunteers for the collection of blood
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specimens. This study was approved by the Washington University Human Research
Protection Office.

In vitro studies in PBMCs
In one study cohort, PBMCs from 5 donors were subjected to 20 Gy gamma radiation using a
Cobalt-60 γ-ray source (J.L. Shepherd and Associates), cultured for 20h, and the extent of
apoptosis was measured by flow cytometry as described below. The TAT-BH4 or NLS-BH4
peptides were added to culture within 30 minutes following radiation at the concentrations
indicated. In a second study cohort, human PBMCs were treated with either TAT-BH4 or NLS-
BH4 and the concentrations indicated, and at the times indicated cells were assessed for changes
in morphology, permeability and extracellular phosphatidyl serine by flow cytometry as
described below. Two technical replicates were done for each biological replicate. In additional
study cohorts, human PBMCs were treated with FITC-labeled peptides (TAT-BH4 or NLS-
BH4) to determine the extent of peptide internalization and subcellular distribution of
internalized peptide (as described below).

Flow cytometric assessment of PBMCs
Apoptosis was determined using the APO-BrdU kit (Phoenix Flow Systems) according to
manufacturer’s instructions. Fluorescently-labeled mAbs identified CD3 T cells (BD
Pharmingen). Cell permeability and extracellular phosphatidyl serine were measured
simultaneously by staining cells with Annexin V-FITC (BioVision) and 7AAD (BD
Pharmingen) according to manufacturer’s instructions. Flow cytometry (25,000–50,000
events/sample) was performed on FACScan (BD Biosciences).

In vitro assessment of cellular uptake and subcellular distribution
Primary human lymphocytes were treated with 5 μM FITC-labeled TAT-BH4 or NLS-BH4
and incubated for 1 h in either RPMI with 10% FBS or sterile-filtered, serum-free PBS, washed
twice with PBS, and assessed by flow cytometry. A second identically prepared cohort of cells
was treated with Alexa 595-conjugated Wheat Germ Agglutinin (WGA) (Invitrogen)
according to manufacturer’s instructions to visualize the plasma membrane. Cells were washed
again, resuspended in RPMI with 10% FBS, and added to coverslip-bottomed 35 mm culture
dishes (MatTek) for imaging. Images (400X) were taken sequentially to prevent fluorochrome
cross-talk. Gain and photomultipliers were the same for all samples. In fluorescence
microscopy studies, PBMCs were treated as above with the fluorescently-labeled peptides,
omitting the WGA labeling. Cells were deposited on slides for imaging (600X, Nikon Eclipse
E600).

Animal studies
Both CD1 and C57Bl/6J male mice (Jackson Laboratories) weighing 18–26 grams and 8–12
weeks of age were used for in vivo experiments. Animals were allowed free access to food and
water.

A toxicity study comparing intravenous (i.v.) via tail vein and intraperitoneal (i.p.) TAT-BH4
and NLS-BH4 was conducted where mice were anesthetized with halothane (5% induction and
2% maintenance) and injected with the appropriate compounds dissolved in 200 microliters of
PBS. Mice received graded doses of compounds. Survival was recorded for 24 hrs.

In two additional cohorts of male C57Bl/6 animals, a post-exposure dosing regimen of NLS-
BH4 was established to determine the effects of the daily peptide treatment on survival
following lethal radiation injury. Briefly, mice received total body irradiation to a dose of 7.5
Gy (AECL Gammacell 40 irradiator). Within 30 minutes of injury, mice were administered
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NLS-BH4, NLS-BH4i (1 mg in 200 microliters of saline) or saline alone and again daily for a
total of 5 doses. Survival was recorded for 30 days. The Animal Studies Committee at
Washington University School of Medicine approved all animal studies.

Statistical Analysis
Data were analyzed with one-way ANOVA with Tukey’s multiple comparison test (Prism,
GraphPad). Data reported are means +/− SEM. Thirty day survival data was analyzed using
the Kaplan-Meier (product-limit) method. Tests of equivalence of survival were performed by
the generalized Wilcoxon log-rank test. Significance was accepted at p < 0.05.

Results and Discussion
Dose limiting toxicity of TAT-BH4

Mice that received TAT-BH4 (2 mg in 200 μL saline) via tail-vein injection died within 3–5
minutes following injection (N=6). The deaths were characterized by agonal gasping
respirations. To determine how the domains of the TAT-BH4 construct contributed to the
observed toxicity, i.v. injections were repeated with both TAT and BH4 peptides, similar to
the TAT-BH4, all mice died within minutes of the injection (N = 2 each). Likewise, i.v.
administration of the polyarginine peptide R7 gave similar results, no control mice died (200
μL saline i.v.).

An i.p. injection study was conducted as a dose escalation trial. All mice receiving 2 or 5 mgs
of TAT-BH4 survived but only 1 of the 3 mice that received 30 mgs of TAT-BH4 survived
(Table 2). While the mice that received 2 mg TAT-BH4 appeared normal the following day,
the surviving mice that received 5 mg or 20 mg TAT-BH4 were characterized by piloerection
and distended abdomens. Necropsy of these mice revealed distended and edematous bowel
and small necrotic foci.

Selection of an alternative CPP
A panel of alternative CPPs was screened to identify an alternative to the TAT peptide that had
been used in our acute lymphoprotection study [13] (Supplemental Table 1). These studies
demonstrated that the nuclear localization sequence (NLS) from the SV40 large T antigen best
met the criteria of being relatively non-toxic and effectively delivering cargo into lymphocytes.
We then performed head-to-head comparisons between the TAT-BH4 and NLS-BH4 peptides
to determine relative efficacy of our second generation peptide.

Anti-apoptotic efficacy of TAT-BH4 versus NLS-BH4
Lymphocyte apoptosis increased from a baseline level of 4.5 ± 0.7% in the control group to
17.7 ± 2.4% in the group subjected to 20 Gy radiation (p < 0.001, n = 5). There was a dose-
dependent reduction in the percentage of TUNEL positive T-cells treated with either TAT-
BH4 or NLS-BH4 (Figure 1). The NLS-BH4 peptide provided cellular protection at lower
concentrations than TAT-BH4, though at the highest dose tested (5 μM) the peptides provided
equivalent protection. The extent of cellular protection plateaued between 2 and 5 μM peptide
with approximately 8% of cells being TUNEL positive for both TAT-BH4 and NLS-BH4
treatment. As previously reported, exogenous BH4 peptide only reduced injury-induced
apoptosis by ~50% [23].

In vitro effects of TAT-BH4 and NLS-BH4 on lymphocytes
We observed atypical forward and side scatter profiles of lymphocytes treated with 5 μM TAT-
BH4 and sought to better characterize this phenomenon. Both NLS-BH4 and TAT-BH4 treated
lymphocytes exhibited rapid changes in size (FSC) and granularity (SSC). These differences
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were most pronounced at the highest dose of peptide tested (10 μM), though the effects were
consistently seen at 5 μM. NLS-BH4-treated PBMCs cultured for 20 hours returned to
pretreatment size and granularity while TAT-BH4-treated PBMCs underwent profound
structural changes based on their FACS profiles. The majority of TAT-BH4 treated cells
became compacted within 30 minutes. Keeping these cells in culture for 20 hours resulted in
two distinct populations of cells. The minority of cells in culture fell within the typical
lymphocyte gate (see figure legend); while the majority of TAT-BH4 treated cells became
more compact and granular as judged by the decreased forward and side scatter, respectively
(Figure 2, Panel A).

Following treatment with either TAT-BH4 or NLS-BH4 (10 μM), cells were stained using both
Annexin-V and 7-AAD. Annexin V is a measure of membrane injury that is used as an early
marker of apoptosis, though cells that are annexin V positive are not necessarily committed to
apoptosis. 7AAD is a membrane impermeant dye that is used to determine cell membrane
integrity; cells that are 7AAD positive have lost membrane integrity and are no longer viable.
Within 30 minutes, there was a profound increase in Annexin-V+ cells that were treated with
either TAT-BH4 (46.5%) or NLS-BH4 (22.1%) compared to untreated cells (7.9%). TAT-
BH4, but not NLS-BH4, caused an increase in the percentage of 7AAD positive cells (6.7%)
compared to the control (2.6% Figure 2, Panel B).

Further characterization of these groups identified time-, agent- and concentration-
dependencies on the percentage of Annexin-V+/7-AAD+ cells. In untreated cells, there was a
slight time-dependent increase in Annexin-V+/7-AAD+ cells from 2% to 5% over the course
of 20h in culture. Treatment with either TAT-BH4 or NLS-BH4 increased the percentage of
Annexin-V+/7-AAD+ cells at all times. In addition to a time-dependent increase in apoptotic
cells, TAT-BH4 treatment resulted in a dose-dependent increase in the percentage of apoptotic
cells with approximately 25% of PBMCs incubated with 10μM TAT-BH4 becoming apoptotic
within 4h post-treatment. This result is consistent with recent reports of CPPs such as R9
causing macroscopic tubulation and destruction of giant unilamellar vesicles [24], suggesting
that some CPPs, especially polyarginine containing peptides, can cause irreparable membrane
damage. There was no significant effect of the concentration of NLS-BH4 on the percentage
of double positive cells (Figure 2, Panel C).

Cellular uptake of TAT-BH4 versus NLS-BH4
Fluorescein labeled peptides were used to demonstrate uptake by PBMCs. Serum reduced the
amount of either peptide internalized, however NLS-BH4 was less dependent on the presence
of serum (Figure 3, Panels A and B). Under all conditions the fluorescence intensity of TAT-
BH4-FITC treated cells was greater than that of cells treated with NLS-BH4-FITC. Laser
scanning confocal microscopy confirmed that the peptides were internalized, not merely
associated with the external cell membrane, and corroborated the findings from FACS analysis
that uptake of TAT-BH4 was superior to NLS-BH4. Both peptides were found diffusely
throughout the cytoplasm while TAT-BH4 was over-represented in the nucleolus (Figure 3,
Panel C); NLS-BH4 exhibited little or no nuclear staining. The increased cytoplasmic
concentration of NLS peptide may partially compensate for decreased internalization, relative
to TAT-BH4, since the BH4 domain of our construct has a mitochondrial binding site
(Supplemental Figure). This binding site may include FKBP38, a protein known to target Bcl-2
family members to mitochondria in a BH4 domain-dependent fashion [25,26].

A non-toxic dosing regimen of NLS-BH4 protects mice from lethal radiation exposure
To determine whether NLS-BH4 was toxic in vivo, a similar study to the TAT-BH4 study was
performed. None of the mice (N=6) that received NLS-BH4 (2 mg in 200 μL saline) via tail-
vein injection died (p < 0.05 compared to the TAT-BH4 administered animals). The mice
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receiving NLS-BH4 tolerated the injections without apparent ill effects. All mice receiving 2,
5, or 0 mg NLS-BH4 i.p. tolerated the injections without any apparent ill effects (N = 3 mice
per group). These mice appeared normal the following day without piloerection or abdominal
distention. Survival data are summarized in Table 2.

In vivo efficacy studies
In a pilot in vivo efficacy study, we found that a 1 mg dose of NLS-BH4 significantly attenuated
radiation-induced lymphocyte apoptosis (data not shown). To determine whether intracellular
delivery of the BH4 domain of Bcl-xL confers a survival advantage in lethal radiation injury,
we gave a course of 5 daily NLS-BH4 injections (1 mg in 200 μL normal saline i.p.) beginning
within 30 minutes of lethal TBI (7.5 Gy). This course of treatment improved survival from
15% in untreated animals to 75% in animals receiving NLS-BH4 (p<0.01) and mice treated
with the NLS-BH4 inactive peptide had 40% overall survival (Figure 5). Significantly, post-
exposure treatment conferred the survival advantage and there is an immediate need for
therapeutics to treat patients as they are identified following accidental or deliberate exposure
to radiation.

Conclusion
As the field of anti-apoptotic therapy for acute and degenerative disease matures, it will be
necessary to determine whether supplementation with exogenous BH4 peptide is sufficient to
alter primary end points in disease models. Our study exemplifies a rational experimental
approach to this question and together with the recent head-to-head comparison of the
biological properties of 22 diverse CPPs [27], we believe that there is now a clear path toward
the development of effective, non-necrosis-inducing BH4-based therapies in diverse disease
models. Studies of the combined effects of anti-apoptotic and stem cell proliferative therapies
are indicated.
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Figure 1.
Both TAT-BH4 and NLS-BH4 reduce radiation-induced apoptosis in CD3+ human PBMCs
in vitro. Neither TAT-BH4i nor NLS-BH4i had any appreciable effect on radiation-induced
apoptosis. Statistical significance marked is for the comparison with the untreated, irradiated
PBMCs exposed to 20 Gy radiation.
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Figure 2.
Flow cytometric assessment of PBMCs treated with CPP-BH4 conjugates. (A) Morphological
changes in human PBMCs following treatment with PTD-conjugated BH4 peptides. These
data show the entire population of isolated PBMCs from one representative donor (no gating
was done). The outlined region (polygon) indicates the typical FSC/SSC region where
unmanipulated lymphocytes are observed. (B and C) Morphological changes correlate with
phosphatidylserine exteriorization and loss of membrane integrity following peptide treatment.
(B) Representative FACS plots 4 h after the administration of saline, NLS-BH4, or TAT-BH4
(10 μM). These data show the entire population of isolated PBMCs from one representative
donor (no gating was done). (C) The time and dose dependence of Annexin V and 7AAD
staining of PBMCs following peptide exposure. These data are calculated from the percentage
of cells in the upper right quadrant (AnxV+/7AAD+) of FACS diagrams as shown in panel A
(N=5). Statistical significance marked is compared to untreated (control) cells at the same time
point.
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Figure 3.
Uptake of fluorescein-conjugated Tat-BH4 and NLS-BH4 in human peripheral mononuclear
cells. Panels A and B show, by confocal microscopy, representative images (400X) of the
intratracellular localization of both fluorescein-labeled Tat-BH4 and fluorescein-labeled NLS-
BH4 as indicated. Cells were incubated with the fluorescein-labeled peptides in the absence
of serum (5μM, 1h, green color) and then treated with Alexa 594-conjugated Wheat Germ
Agglutinin (red color) to distinguish the plasma membrane. Gain and photomultiplier settings
were held constant across samples. Panel C shows, by fluorescence microscopy, a
representative image (600X) of the nucleolar accumulation (arrow) of internalized fluorescein-
labeled Tat-BH4 (5μM, 1h, serum-free). Panel D shows, by flow cytometry, the fluorescent
intensities of cells treated with fluorescein-conjugated Tat-BH4 and NLS-BH4 (5μM) in both
the presence and absence of serum as well as untreated cells (red peak).
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Figure 4.
A five-day course of systemic NLS-BH4 (1 mg q.d.) beginning after LD90 TBI conferred a
significant survival advantage to mice (7.5 Gy).
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Table 1

Peptides used in study.

Compound Sequence

TAT (d)1-Ac-RKKRR-Orn-RRR-COOH

NLS Ac-KKKRKV-COOH

TAT-BH4 (d)1-Ac-RKKRR-Orn-RRR-β-A-(l)1-SNRELVVDFLSYKLSQKGYS-COOH

TAT-BH4i (d)1-Ac-RKKRR-Orn-RRR-β-A-(l)1-SNRELVVDFLSDKLSQKGDS-COOH

NLS-BH4 Ac-KKKRKV-β-A-(l)1-SNRELVVDFLSYKLSQKGYS-COOH

NLS-BH4i Ac-KKKRKV-β-A-(l)1-SNRELVVDFLSDKLSQKGDS-COOH

FITC-TAT-BH4 (d)1-Ac-C(FM) RKKRR-Orn-RRR-β-A-(l)1-SNRELVVDFLSYKLSQKGYS-COOH

FITC-NLS-BH4 (d)1-Ac-C(FM) KKKRKV-β-A-(l)1-SNRELVVDFLSYKLSQKGYS-COOH

1
(d) indicates that the subsequent amino acids are D-amino acids while (l) indicates that the subsequent amino acids are L-amino acids. Unmarked

sequences are composed entirely of L-amino acids.
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Table 2

Mouse survival study. Compounds were delivered by intravenous tail vein injection (i.v.) or intraperitoneal
injection (i.p.).

Compound Treatmenta N Percent Surviving

BH4

2 mg – i.v. 3 33

10 mg – i.p. 1 100

TAT

2 mg – i.v. 6 0

2 mg – i.p. 10 100

5 mg – i.p. 2 0

TAT-BH4

2 mg – i.v. 7 14

2 mg – i.p. 4 100

5 mg – i.p. 4 75

20 mg – i.p 4 25

NLS

2 mg – i.v. 6 100

NLS-BH4

2 mg – i.v. 6 100

2 mg – i.p. 3 100

10 mg – i.p. 3 100

30 mg – i.p. 3 100

a
Intravenous injections were performed in C57Bl/6J mice. Intraperitoneal injections were performed in both C57Bl/6J and CD1 mice. Results were

similar for both strains and data from the CD1 mice is presented.
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