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CD30 is a member of the TNF receptor superfamily. Overexpression
of CD30 on some neoplasms versus limited expression on normal
tissues makes this receptor a promising target for antibody-based
therapy. Radioimmunotherapy of cancer with radiolabeled anti-
bodies has shown promise. In this study, we evaluated the ther-
apeutic efficacy of an anti-CD30 antibody, HeFi-1, armed with 211At
in a leukemia (karpas299) model and with 90Y in a lymphoma
(SUDHL-1) model. Furthermore, we investigated the combination
therapy of 211At-HeFi-1 with unmodified HeFi-1 in the leukemia
model. Treatment with unmodified HeFi-1 significantly prolonged
the survival of the karpas299-bearing mice compared with the
controls (P < 0.001). Treatment with 211At-HeFi-1 showed greater
therapeutic efficacy than that with unmodified HeFi-1 as shown by
survival of the mice (P < 0.001). Combining these two agents
further improved the survival of the mice compared with the
groups treated with either 211At-HeFi-1 (P < 0.05) or unmodified
HeFi-1 (P < 0.001) alone. In the lymphoma model, the survival of
the SUDHL-1-bearing mice was significantly prolonged by the
treatment with 90Y-HeFi-1 compared with the controls (P < 0.001).
In summary, radiolabeled HeFi-1 is very promising for the treat-
ment of CD30-expressing leukemias and lymphomas, and the
combination regimen of 211At-HeFi-1 with unmodified HeFi-1 en-
hanced the therapeutic efficacy.
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CD30 is a member of the TNF receptor superfamily, which
includes TNF-R1, TNF-R2, Fas-R, CD40, CD27, and TNF-

related apoptosis-inducing ligand receptor (1). Increased expres-
sion of CD30 is observed on some neoplasms including Hodgkin’s
disease (HD), anaplastic large cell lymphoma (ALCL), mediastinal
B cell lymphoma, embryonal carcinoma, seminoma, and mesothe-
lioma (2–7). In contrast, CD30 expression in normal tissues is
limited to activated T cells, activated B cells, select thymocytes, and
some vascular beds (2). This expression of CD30 on neoplasms
versus its limited expression on normal tissues makes it a promising
target for antibody-based therapy.

Both HD and ALCL are characterized by the strong expres-
sion of CD30 on the malignant cell surfaces. Although HD in
most patients can be cured by standard approaches even in
advanced stages, �30% of those who have a relapse attain
durable remissions after second-line treatment (8). The outcome
is even worse for those with primary refractory disease (9).
ALCL represents a heterogeneous group of aggressive non-HD
(10). Despite responsiveness to chemotherapy, approximately
one-third of the patients with ALCL die regardless of intensive
chemotherapy (10). Therefore, more effective approaches need
to be developed. In addition, data from HD and non-HD suggest
that small numbers of residual tumor cells remaining after
first-line treatment can give rise to a late relapse (11). Thus,
eliminating residual malignant lymphoma cells after first-line
treatment might further improve the outcome in these diseases.

Anti-CD30 monoclonal antibodies have been investigated for
the treatment of CD30-expressing malignancies in vitro and in
vivo (10, 12–18). CD30-mediated signal transduction is capable
of promoting cell proliferation and cell survival as well as
antiproliferative effects and cell death depending on cell type
and costimulatory effects (19). Several studies have shown that
anti-CD30 monoclonal antibodies possessing signaling proper-
ties could inhibit the growth of ALCL cells, but very few of them
were effective for HD cells (10, 12, 13, 18). Furthermore,
although preclinical studies showed that treatment with anti-
CD30 monoclonal antibodies prolonged the survival of ALCL-
bearing mice significantly, compared with the mice in the control
group, many of the mice in the treatment group still died of the
disease (15, 16). Therefore, alternative strategies need to be
developed for CD30-targeted therapy.

Monoclonal antibodies directed against tumor-associated an-
tigens armed with diverse radionuclides are being investigated as
therapeutic agents for the treatment of malignant disease (20–
24). Although encouraging results have been obtained in the
treatment of lymphoma with monoclonal antibodies armed with
�-emitting radionuclides, further development is needed to
achieve an ideal radioimmunotherapeutic agent (23, 24). The
�-emitting radionuclides are very attractive for cancer therapy,
especially for isolated malignant cells as are observed in leuke-
mia, because of their high linear energy transfer and short
effective path length in tissues (25–27). Among the �-emitters
currently under investigation for use in radioimmunotherapy,
211At is perhaps the most promising candidate for radioimmu-
notherapeutic applications on the basis of half-life (t1/2 � 7.2 h)
considerations. In contrast, �-emitters such as 90Y that act
through crossfire may be preferable in the treatment of large
tumor masses (28–30). In the clinical situation, this latter agent
may eliminate nontargeted tumor cells through the crossfire
effect emanating from neighboring antigen-bearing cells that
have been targeted by the radiolabeled monoclonal antibody.

A paradigm is also emerging that, for cancer therapy, the
addition of two therapeutic agents that function via different
mechanisms may be greater than additive in their cytotoxic
action, leading to malignant cell death (30–36). In our previous
therapeutic trials, we demonstrated that the therapeutic efficacy
of radioimmunotherapy for an adult T cell leukemia model was
enhanced by the simultaneous coadministration of an anti-CD25
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monoclonal antibody, daclizumab, at receptor-saturating doses
(30, 32, 36).

In this study, we investigated the therapeutic efficacy of the
211At-HeFi-1 in a leukemia model and 90Y-HeFi-1 in a lym-
phoma model. Furthermore, we investigated the combination
regimen of 211At-HeFi-1 with unmodified HeFi-1 in the leuke-
mia model. Our findings suggest that radiolabeled HeFi-1 is very
promising for the treatment of patients with CD30-expressing
leukemias and lymphomas and the combination of radiolabeled
HeFi-1 with unmodified HeFi-1 significantly improved the ther-
apeutic efficacy.

Results
Immunoreactivity of Radiolabeled HeFi-1. For a radiolabeled anti-
body to be effective, the labeling procedure should not compro-
mise antibody specificity. We tested the bindability of 211At-
HeFi-1 and 111In-HeFi-1 with karpas299 and SUDHL-1 cells,
respectively, in vitro. The 211At-HeFi-1 and 111In-HeFi-1 specif-
ically bound to the cells with maximum bindings of �90% of the
added radiolabeled antibodies (Fig. 1). The bindings were spe-
cifically inhibited by unmodified HeFi-1 (Fig. 1). Radiolabeled
B3, which was used as a nonspecific, isotype-matched control
antibody, did not bind to the cells (Fig. 1).

Antiproliferative Effect. Karpas299 cells were treated with 211At-
HeFi-1 or unmodified HeFi-1 alone or with the combination of
211At-HeFi-1 and unmodified HeFi-1. Unmodified HeFi-1 and
211At-HeFi-1 inhibited the proliferation of the cells by 40% and
60%, respectively, after 2 days of incubation compared with cells
treated with medium alone or with the radiolabeled, isotype-
matched control, 211At-B3 (Fig. 2). In addition, the combination
of 211At-HeFi-1 with unmodified HeFi-1 enhanced the antitu-
mor efficacy with �80% of the proliferation of the cells being
inhibited (Fig. 2).

Therapy Study. In karpas299 leukemia model. The therapeutic study
with 211At-HeFi-1 was performed in the karpas299 model.
Treatment with unmodified HeFi-1 administered at a dose of
100 �g weekly for 4 weeks showed effective therapeutic results
with partial remissions and a prolongation of survival of the
karpas299-bearing mice compared with the control group (P �
0.001) (Fig. 3A), a result similar to that we reported previously
(16). The i.v. administration of a single dose of 12 �Ci (0.444
MBq) of 211At-HeFi-1 showed greater efficacy than unmodified
HeFi-1, as seen by the prolonged survival of the mice (P � 0.001)
(Fig. 3A). Treatment with 211At-HeFi-1 inhibited the leukemia
growth significantly as seen by the reduced serum levels of
soluble interleukin-2 receptor (sIL-2R�) in the 211At-HeFi-1

treatment group compared with the control or radiolabeled
nonspecific antibody, 211At-B3, group (Fig. 3B). At day 26 after
therapy, the average concentrations of serum sIL-2R� were
12,992 and 11,443 pg/ml in the control and 211At-B3 groups,
respectively, whereas the average concentrations of serum sIL-
2R� were reduced to 397 and 172 pg/ml with the treatment of
unmodified HeFi-1 and 211At-HeFi-1, respectively (Fig. 3B). In
addition, the serum sIL-2R� was undetectable in the combina-
tion group at day 26 after therapy (Fig. 3B). Furthermore, the
treatment with 211At-HeFi-1 or unmodified HeFi-1 or their
combination significantly prolonged survival of the karpas299-
bearing mice compared with the control and 211At-B3 groups
(P � 0.001) (Fig. 3A). The combination of a single dose of 12 �Ci
(0.444 MBq) of 211At-HeFi-1 with four doses of 100 �g of
unmodified HeFi-1 provided further improvement in survival of
the mice, compared with the groups treated either with 211At-
HeFi-1 (P � 0.05) (Fig. 3A) or with unmodified HeFi-1 (P �
0.001) (Fig. 3A) alone. The median survival duration of the
control group was 26 days, whereas it was prolonged to 50 and
114 days in the unmodified HeFi-1 and 211At-HeFi-1 groups,

Fig. 1. Immunoreactivity of radiolabeled HeFi-1. (A) 211At-HeFi-1 with karpas299 cells. (B) 111In-HeFi-1 with SUDHL-1 cells. The cell-binding assay was performed
as described in Materials and Methods. Both 211At-HeFi-1 and 111In-HeFi-1 bound to the CD30-positive cells specifically with the maximum bindings of �90% of
added radioactivity. The binding was inhibited by the addition of a 1,000-fold greater concentration of unmodified HeFi-1. Radiolabeled B3 did not bind to the
cells.

Fig. 2. The effect of 211At-HeFi-1 or unmodified HeFi-1 or their combination
on the proliferation of karpas299 cells in vitro. Karpas299 cells were treated
as described in Materials and Methods. The data represent means � SD of six
samples and are representative of three experiments. Unmodified HeFi-1 and
211At-HeFi-1 inhibited the proliferation of karpas299 cells by 40% and 60%,
respectively, compared with cells treated with medium alone. The combina-
tion of 211At-HeFi-1 with unmodified HeFi-1 enhanced the antitumor efficacy
with �80% of proliferation of the cells being inhibited.

Zhang et al. PNAS � May 15, 2007 � vol. 104 � no. 20 � 8445

M
ED

IC
A

L
SC

IE
N

CE
S



respectively. All of the mice in the control and 211At-B3 groups
died by day 66. In contrast, 33% of the mice in the 211At-HeFi-1
group and 83% in the combination group survived �4 months
and had undetectable serum sIL-2R� levels.
In SUDHL-1 lymphoma model. Radioimmunotherapy with i.v.-
administered 90Y-HeFi-1 was performed in the SUDHL-1 lym-
phoma-bearing nude mice. SUDHL-1 tumors in the control group
grew rapidly, from 0.4 cm3 at the initiation of the experiment, to �2
cm3 within 3 weeks (Fig. 4A), and these mice were killed according
to our animal protocol. Treatment with 100 �Ci (3.7 MBq) of
90Y-HeFi-1 inhibited the tumor growth significantly compared with
the control group (P � 0.001) (Fig. 4A). Four of the 11 mice in the
90Y-HeFi-1 treatment group became tumor-free and remained
healthy for �6 months. The median survival duration of this group
was 60 days, significantly longer than the 16 days of the control
group (P � 0.001) (Fig. 4B). To confirm the specificity of the
therapeutic effect of 90Y-HeFi-1, we used the irrelevant mouse
IgG1 monoclonal antibody, B3, armed with 90Y in the same model.
Although the treatment with 100 �Ci (3.7 MBq) of 90Y-B3 slightly
slowed down the tumor growth compared with the control group
(P � 0.05) (Fig. 4A), the median survival duration in this group was

20 days, similar to the 16 days in the control group (P � 0.05) (Fig.
4B). There was a significant difference in the survival of the mice
between the 90Y-HeFi-1 and 90Y-B3 groups (P � 0.001) (Fig. 4B).

Discussion
The development of the hybridoma technique rekindled interest
in the use of antibodies targeted to cell surface antigens to treat
cancer patients. However, such monoclonal antibodies have been
largely ineffective with only a few exceptions in this arena.
Arming of monoclonal antibodies with toxins or radionuclides to
specifically target these cytotoxic agents to tumor cells provides
a valuable augmentation of their therapeutic efficacy (28, 37, 38).

One pivotal issue to be addressed in all systemic radioimmu-
notherapy trials is the selection of a monoclonal antibody that
targets the tumor and thereby defines the type of malignancy
chosen as the target for radioimmunotherapy. In the present
study, we have chosen CD30 as our target for radioimmuno-
therapy. The scientific basis for this choice is that CD30 is
overexpressed by some neoplasms including HD and ALCL and
expressed in a very limited way by normal tissues (2–7), making
this receptor a promising target for antibody-based therapy.
Indeed, monoclonal antibodies to CD30 have been evaluated for
the treatment of CD30-expressing malignancies (10, 12–18).
However, the therapeutic results were very different with dif-
ferent types of malignancies. Therefore, therapy with radioim-
munoconjugates provides an alternative strategy for CD30-
targeted treatment of malignancies (1).

Another pivotal issue in defining an optimal radioimmuno-
therapeutic agent is to consider the nature of the radionuclide
used in relationship to the nature of the diseases being treated.
A �-emitting radionuclide such as 90Y that acts through crossfire

Fig. 3. Therapeutic study of 211At-HeFi-1 or unmodified HeFi-1 or their combi-
nation in the karpas299 leukemia model. (A) Kaplan–Meier survival plot of the
karpas299 leukemia-bearing SCID/NOD mice. (B) Serum sIL-2R� levels of the
karpas299 leukemia-bearing SCID/NOD mice at day 26 after therapy. The treat-
ment with unmodified HeFi-1 or 211At-HeFi-1 inhibited the tumor growth signif-
icantly as seen by the reduced concentrations of serum sIL-2R� at day 26, com-
pared with those in the control and 211At-B3 groups. The combination of these
two therapeutic agents further improved the efficacy as shown by the undetect-
able sIL-2R� levels in this group at day 26. Survival of the karpas299-bearing mice
was significantly prolonged in the unmodified HeFi-1 group compared with
those in the control and 211At-B3 groups (P � 0.001). Treatment with a single dose
of 12 �Ci of 211At-HeFi-1 showed more effective therapeutic results in the kar-
pas299 model compared with unmodified HeFi-1 (P � 0.001). The combination of
these two therapeutic agents provided further improvement in survival of the
mice, compared with the groups treated either with 211At-HeFi-1 (P � 0.05) or
with unmodified HeFi-1 (P � 0.001) alone.

Fig. 4. Therapeutic study of 90Y-HeFi-1 in the SUDHL-1 model. (A) Tumor
volume. (B) Kaplan–Meier survival plot of the SUDHL-1-bearing nude mice.
Treatment with 90Y-HeFi-1 inhibited the SUDHL-1 lymphoma growth signifi-
cantly as seen by tumor size and prolonged survival of the SUDHL-1-bearing
mice compared with the control and 90Y-B3 groups. *, P � 0.001; †, P � 0.05,
compared with the control group.

8446 � www.pnas.org�cgi�doi�10.1073�pnas.0702496104 Zhang et al.



is preferable in the treatment of large tumor masses such as those
that occur with the SUDHL-1 model. In the clinical situation,
this agent may eliminate nontargeted tumor cells through the
crossfire effect emanating from neighboring antigen-bearing
cells that have been targeted by the radiolabeled monoclonal
antibody (28). Nevertheless, the use of �-emitting radionuclides
is limited as the target mass decreases the benefit of the crossfire
effect also decreases, whereas the potential for normal tissue
damage increases (32). With small tumors, including micro-
metasteses, individual tumor cells, and leukemic cells, the ther-
apeutic efficacy of �-emitters may be limited because high-
energy �-emitting radionuclides such as 90Y deliver a high dose
of irradiation to normal tissues owing to the long range of �
irradiation. For such cellular populations, the development of
radiolabeled monoclonal antibody-mediated approaches may
focus on �-emitting radionuclides, which may be the most
effective agents for killing isolated leukemic cells without dam-
aging normal tissues. Radionuclides emitting �-particles have a
high linear energy transfer (6- to 9-MeV particles) that act over
10–80 �m and are effective at killing individual target cells (39).
We have demonstrated that 211At-labeled 7G7/B6, an anti-CD25
monoclonal antibody, was very effective in the treatment of
murine models of leukemia (36, 40). A phase I clinical trial with
213Bi-HuM195 in the treatment of patients with relapsed and
refractory acute or chronic myelogenous leukemia was reported
to show promising results (41). In the present study, we dem-
onstrated that 211At linked to the anti-CD30 monoclonal anti-
body, HeFi-1, provided effective therapy for the karpas299
leukemia model. A paradigm is emerging in monoclonal
antibody-mediated treatment that therapeutic efficacy may be
augmented through the use of two agents with different modes
of action (30–36). In this study, we used 211At-HeFi-1, which
causes radiation damage to the tumor cells, followed by the
administration of receptor-saturating doses of unmodified
HeFi-1. Previously, we demonstrated that in the karpas299
model, unmodified HeFi-1 is directly cytotoxic to the malignant
cells by a process that does not require activating FcR�I, III, or
IV expression by the recipient mice (16). The combination
regimen of 211At-HeFi-1 with unmodified HeFi-1 significantly
improved the therapeutic efficacy in the treatment of the
karpas299-bearing mice compared with that of either agent used
alone. Therefore, the findings from this study support the use of
the radiolabeled HeFi-1 as well as its combination with unmod-
ified HeFi-1 in a clinical trial involving the treatment of patients
with CD30-expressing leukemias and lymphomas.

Materials and Methods
Tumor Cell Lines and Mouse Models. Karpas299 and SUDHL-1 are
human ALCL cell lines that express CD30 on their cell surfaces.
The cells were grown in RPMI medium 1640 supplemented with
10% heat-inactivated FCS, 100 units/ml penicillin, and 100 �g/ml
streptomycin in an atmosphere containing 5% CO2. Severe
combined immunodeficient/nonobese diabetic (SCID/NOD)
mice were purchased from The Jackson Laboratory (Bar Har-
bor, ME), and nude mice came from the National Cancer
Institute–Frederick (Frederick, MD).The karpas299 model,
which was established by i.v. injection of 1 � 107 karpas299 cells
into SCID/NOD mice, served as a leukemia model. The
SUDHL-1 model, which was established by s.c. injection of 1 �
107 SUDHL-1 cells in the right flank of nude mice, served as a
solid tumor model. All animal experiments were performed in
accordance with National Cancer Institute Animal Care and Use
Committee guidelines. The National Cancer Institute–Frederick
is accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care international and follows the
U.S. Public Health Service policy for the care and use of
laboratory animals. Animal care was provided in accordance

with the procedures outlined in the Guide for Care and Use of
Laboratory Animals (42).

Monoclonal Antibodies. HeFi-1, which is a mouse IgG1 directed
toward the ligand-binding site on CD30, was provided by the
Biological Response Modifiers Program, National Cancer
Institute–Frederick Cancer Research Center (Frederick, MD).
B3, a mouse IgG1 antibody reacting with a carbohydrate
epitope found on the Ley and the polyfucosylated-Lex antigens
(43), was used as an isotype-matched control antibody that did
not bind to karpas299 and SUDHL-1 cells.

Radiolabeling of Monoclonal Antibodies. Production and purifica-
tion of 211At as well as the procedure for the labeling of the
antibodies with 211At were recently reported in detail (44, 45).
In brief, 211At was produced by using the 209Bi (�2n) 211At
reaction by irradiating a bismuth target with an � beam from
a CS-30 cyclotron (Cyclotron Corporation, Berkeley, CA). The
211At was isolated as described previously (44). HeFi-1 or B3
was labeled with 211At by using the linker, N-succinimidyl
N-(4-astatophenethyl)succinamate, as described previously
(45). The specific activities of 211At-labeled antibodies were
5–10 �Ci/�g (0.185–0.37 MBq/�g). HeFi-1 and B3 were
conjugated with 2-(p-isothiocyanatobenzyl)cyclohexyl-
diethylenetriaminepentaacetic acid (CHX-A�). The conjuga-
tion of the antibodies with CHX-A� was performed as previ-
ously described (46). HeFi-1-CHX-A� and B3-CHX-A� were
labeled with 90Y (NEN, Boston, MA) at specific activities of
10–30 �Ci/�g (0.37–1.11 MBq/�g) for therapeutic studies as
described previously (47). HeFi-1-CHX-A� and B3-CHX-A�
were labeled with 111In (Amersham, Piscataway, NJ) at specific
activities of 5 �Ci/�g (0.185 MBq/�g) for immunoreactivity
assay.

Immunoreactivity Assay. The immunoreactivity of radiolabeled
HeFi-1 was evaluated by using the karpas299 and SUDHL-1
cells. Briefly, 211At-HeFi-1 or 111In-HeFi-1 (5 ng) was incubated
with an increasing number of the cells (2 � 104 to 1 � 107) with
or without unlabeled HeFi-1 (25 �g per tube) inhibition at 4°C
for 1 h. After centrifugation, the supernatant was aspirated, and
the radioactivity bound to the cells was quantitated in a � counter
(Wallac, Turku, Finland).

Proliferation Assay. Karpas299 cells were resuspended at a con-
centration of 2 � 106 cells per ml and incubated with 211At-
HeFi-1 or 211At-B3 (1 �Ci/0.5 �g/ml) or medium alone at 37°C
for 20 min. After centrifugation, the supernatant was aspirated,
and the cells were washed once with medium. Then the kar-
pas299 cells were resuspended in medium again, and aliquots of
1 � 104 cells per 100 �l were seeded in 96-well culture plates.
After incubation at 37°C overnight, 100 �l of medium containing
unmodified HeFi-1 or medium alone was added to appropriate
wells, and the final concentration of the antibody was 10 �g/ml.
The cells were pulsed after 1 or 2 days of culture for 6 h with 1
�Ci (0.037 MBq) of [3H]thymidine. Then the cells were har-
vested with a 96-well harvester (Tomtec, Hamden, CT) and
counted in a � counter (Wallac). The assay was performed in six
samples simultaneously on three occasions.

Therapy Study. In karpas299 model. The therapeutic study with
211At-HeFi-1 was performed on karpas299-bearing SCID/NOD
mice at day 7 after the cell inoculation. There were five groups
in the therapeutic study. Group 1, the PBS control, received 200
�l of PBS weekly for 4 weeks. Group 2, the unmodified HeFi-1
group, was given i.v. injections of 100 �g of HeFi-1 on days 0, 7,
14, and 21. Group 3, the 211At-HeFi-1 group, received a single
dose of 12 �Ci (0.444 MBq) of 211At-HeFi-1. Group 4, the
combination group, received a combined therapy of 12 �Ci
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(0.444 MBq) of 211At-HeFi-1 on day 0 with unmodified HeFi-1
given on days 1, 7, 14, and 21 at a dose of 100 �g. Group 5, the
211At-B3 group, received a single dose of 12 �Ci (0.444 MBq) of
211At-B3 and served as a radiolabeled, nonspecific, isotype-
matched control.
In SUDHL-1 model. The therapeutic study with 90Y-HeFi-1 was
performed on SUDHL-1-bearing nude mice when xenografted
tumors typically reached �0.5 cm in maximal diameter. There
were three groups in the therapeutic study. Group 1, the PBS
control, received 200 �l of PBS. Group 2, the 90Y-HeFi-1 group,
received a single dose of 100 �Ci (3.7 MBq) of 90Y-HeFi-1.
Group 3, the 90Y-B3 group, received a single dose of 100 �Ci (3.7
MBq) of 90Y-B3 and served as a radiolabeled, nonspecific,
isotype-matched control.

Monitoring of Tumor Growth. The growth of karpas299 leukemia
was monitored by serum levels of human sIL-2R�, a surrogate
tumor marker that was indicative of the tumor load in the murine
model (16). Measurement of the serum concentrations of the
sIL-2R� was performed by using an ELISA. The ELISA kit was
purchased from R&D Systems (Minneapolis, MN), and the
ELISAs were performed as indicated in the manufacturer’s kit
inserts. SUDHL-1 tumor growth was monitored by measuring

tumor size twice a week for 2 weeks after treatment and then
once per week. A digital caliper was used to measure the tumor
in two orthogonal dimensions. The volume was calculated by
using the formula (long dimension)(short dimension)2/2. Body
weight and survival of both karpas299- and SUDHL-1-bearing
mice were monitored throughout the experiments.

Statistical Analysis. The data from in vitro proliferation assay and
tumor volumes at different time points for the different treat-
ment groups were analyzed for statistical significance by using
the GraphPad Prism program (GraphPad, San Diego, CA).
One-way ANOVA was used among groups, followed by the
Mann–Whitney U test for post hoc comparisons to determine P
values. The statistical significance of differences in survival of
the mice in different groups was determined by the log-rank test
using the same program.
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