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Recombinant human erythropoietin (rhEPO), a 
 glycoprotein hormone regulating red blood cell (RBC) 
formation, is used for the treatment of cancer-related 
anemia. The effect of rhEPO on tumor growth, however, 
remains controversial. Here, we report the construction 
and characterization of the recombinant vaccinia virus 
(VACV) GLV-1h210, expressing hEPO. GLV-1h210 was 
shown to replicate in and kill A549 lung cancer cells in 
culture efficiently. In mice bearing A549 lung cancer 
xenografts, treatment with a single intravenous dose of 
GLV-1h210 resulted in tumor-specific production and 
secretion of functional hEPO, which exerted an effect on 
RBC progenitors and precursors in the mouse bone mar-
row, leading to a significant increase in the number of 
RBCs and in the level of hemoglobin. Furthermore, virally 
expressed hEPO, but not exogenously added rhEPO, 
enhanced virus-mediated green fluorescent protein 
(GFP) expression in tumors and subsequently acceler-
ated tumor regression when compared with the treat-
ment with the parental virus GLV-1h68 or GLV-1h209 
that expressed a nonfunctional hEPO protein. Moreover, 
intratumorally expressed hEPO caused enlarged tumoral 
microvessels, likely facilitating virus spreading. Taken 
together, VACV-mediated intratumorally expressed 
hEPO not only enhanced oncolytic virotherapy but also 
simultaneously alleviated cancer-related anemia.

Received 24 December 2012; accepted 9 June 2013; advance online  
publication 2 July 2013. doi:10.1038/mt.2013.149

INTRODUCTION
New therapies using oncolytic viruses are emerging as promis-
ing treatment options for many types of cancer. GLV-1h68 is a 
genetically engineered, attenuated vaccinia virus (VACV) derived 
from the LIVP strain.1 In preclinical models, GLV-1h68 was effec-
tive in treating many types of cancer such as human breast carci-
noma,1 pleural mesothelioma,2 pancreatic carcinoma,3 squamous 

carcinoma,4 melanoma lymph node metastasis,5 and human pri-
mary prostate carcinoma and metastasis.6 In recent times, the 
first phase I clinical trial with GL-ONC1 (the clinical version 
of GLV-1h68) in patients with advanced solid tumors was com-
pleted, demonstrating initial evidence of antitumor activity with-
out toxicity concerns.7

Cancer-related anemia either as a primary consequence of 
tumor burden or secondary to aggressive radio- or chemotherapy 
is prevalent in cancer patients.8 Anemia negatively affects normal 
mental and physical functions with common symptoms such as 
fatigue, headache, and depression.9 In addition, severe anemia 
can limit the duration and dose of chemotherapy that a patient 
can endure. Recombinant human erythropoietin (rhEPO), a gly-
coprotein hormone regulating red blood cell (RBC) formation, 
is approved for the treatment of cancer-related anemia. It has 
shown benefits in correcting anemia and subsequently improving 
health-related quality of life8,10,11 or enhancing radio- and chemo-
therapy.12,13 However, the data of several clinical trials have sug-
gested that rhEPO may promote tumor growth, which has raised 
questions concerning the safety of using rhEPO during cancer 
treatment.14,15 In some animal experiments, rhEPO appeared to 
have antiapoptotic effects,16 induced angiogenesis, and promoted 
tumor growth17 while in others, such effects were not observed.18–20 
The effects of hEPO treatment in tumor models remain controver-
sial and need further investigation.

In this study, we constructed and characterized hEPO-
expressing VACVs (EPO-VACVs) and investigated the effects of 
hEPO expressed locally in tumors. Effects on virus replication, 
tumor regression, blood cell production, and tumor vasculariza-
tion as well as immune cell infiltration were evaluated.

RESULTS
Construction of EPO-VACVs
GLV-1h209 and GLV-1h210 (Figure 1a) were derived from the 
genetically modified and attenuated VACV, GLV-1h68. This 
parental virus has three foreign gene expression cassettes, the 
Renilla luciferase-Aequorea green fluorescent protein (GFP) 
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fusion protein (Ruc-GFP), β-galactosidase and β-glucuronidase, 
inserted into the genome of the LIVP strain.1 In GLV-1h209 and 
GLV-1h210, the β-galactosidase expression cassette was replaced 
with the hEPO expression cassette containing the vaccinia early 
promoter P7.5E. In GLV-1h209, a single base substitution in 
the cDNA-encoding hEPO resulted in the replacement of argi-
nine with alanine at the amino acid position 103 (R103A). This 
substitution results in complete loss of hEPO bioactivity.21 The 
expression of Ruc-GFP and β-glucuronidase in GLV-1h209 and 
GLV-1h210 remained intact (Supplementary Figure S1).

Quantification of virally expressed hEPO in cell 
culture
hEPO expression from EPO-VACV–infected A549 cells was 
quantified by ELISA using two nonoverlapping monoclonal 
anti-hEPO antibodies at multiple timepoints post-infection. This 
assay detects hEPO protein independently of its activity. The 
expression of hEPO was clearly demonstrated in GLV-1h210- 
and GLV-1h209-infected cells (Figure 1b). At a multiplicity of 
infection of 10, hEPO protein levels increased from 2 to 6 hours 
post-injection (hpi), at which time all A549 cells appeared to be 
infected, and no further increase was found in hEPO protein 
expression at 12 or 24 hpi. No hEPO was detected in mock or 
GLV-1h68-infected cells.

hEPO does not have a negative effect on virus 
replication and virus-mediated cytolysis in cell culture
The effect of hEPO on VACV replication and its cytolytic activity 
was evaluated in A549 cells that were infected either with GLV-1h68 
in the presence or absence of rhEPO added to the media, or with 
GLV-1h209 (expressing nonfunctional hEPO) or GLV-1h210 
(expressing functional hEPO), all at a multiplicity of infection of 
0.01. Virus replication was significantly higher for GLV-1h209 
and GLV-1h210 compared with GLV-1h68 or GLV-1h68 plus 
rhEPO at 24 hpi (Figure 1c), although there was no difference at 
later timepoints (48 and 72 hpi). As expected, cell viability showed 
an inverse relationship with virus replication (Figure 1d). At 24 
and 48 hpi, slightly more cells were killed in GLV-1h209- or GLV-
1h210-infected cells in comparison with GLV-1h68-infected cells 
in the presence or absence of rhEPO. For all viruses, cell death 
increased significantly at 48 hpi (more than 50% cell death), and at 
96 hpi, more than 92% of cells were dead in all virus-infected cul-
tures. No differences in virus replication and cytotoxicity between 
GLV-1h209 and GLV-1h210 were noted. Exogenously added 
rhEPO did not affect GLV-1h68 replication and its cytotoxicity. 
In addition, GLV-1h213, a similar viral construct that expresses 
functional hEPO under the control of the VACV strong synthetic 
late promoter (Supplementary Figure S2a) showed a similar virus 
replication to GLV-1h68 (Supplementary Figure S2b). Therefore, 

Figure 1 Efficient replication and cytolysis of hEPO-expressing VACVs in the A549 lung cancer cell culture. (a) Schematic representation of 
GLV-1h209 and GLV-1h210 constructs. All EPO-VACV constructs were derived from the parental virus GLV-1h68. The β-galactosidase expression 
 cassette in GLV-1h68 was replaced with the hEPO expression cassette or the hEPO (R103A) mutant expression cassette under the control of the 
vaccinia 7.5-K early promoter P7.5E to yield GLV-1h210 and GLV-1h209, respectively. Ruc-GFP is the Renilla luciferase-Aequorea GFP fusion protein. 
PE/L, P11, and P7.5 are VACV synthetic early/late, 11-K late, and 7.5-K early/late promoters, respectively. TfR is the human transferrin receptor 
inserted in the reverse orientation with respect to the promoter PE/L. (b) Quantification of secreted hEPO protein in the supernatants from cells 
infected with different EPO-VACVs at an MOI of 10 at 2, 6, 12, and 24 hpi (n = 3). (c) Virus replication curves of different EPO-VACVs. A549 cells 
in 24-well plates were infected with GLV-1h68, GLV-1h68 in the presence of rhEPO (epoetin alfa, 10 U/ml), GLV-1h209, or GLV-1h210 at an MOI 
of 0.01 in triplicate. Cells and supernatants were collected at 4, 24, 48, and 72 hpi for virus titration using plaque assays in CV-1 cells. Significant 
 differences were shown between GLV-1h68 and GLV-1h210 or GLV-1h68 and GLV-1h209. (d) Cytotoxicity of different EPO-VACVs. Cells were 
prepared and infected as in c. Cell viability was measured every day for 4 consecutive days using the MTT assay. Data are shown as percentage of 
viability of virus-infected cells over uninfected controls. Uninfected cells at each timepoint were considered as 100% viability. Data are presented as 
average values with SD. *P < 0.05; **P < 0.01; ***P < 0.001. GFP, green fluorescent protein; hpi, hour post-injection; MOI, multiplicity of infection; 
rhEPO, recombinant human erythropoietin; VACV, vaccinia virus.
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whether virally expressed or added to media, hEPO did not inter-
fere with virus replication and cytolysis.

Intratumorally expressed hEPO enhances VACV-
mediated GFP expression in tumors
The in vivo replication and distribution of EPO-VACVs was eval-
uated in tumor-bearing mice treated with GLV-1h210, GLV-1h68, 
or GLV-1h209 at 14 days post-infection (dpi). Tumor, brain, lungs, 
liver, heart, kidneys, spleen, and blood were harvested, examined, 
and tested for virus distribution (Supplementary Table S1). Small 
or negligible amounts of virus were found in the lungs, spleen, 
kidneys, or heart in some of the GLV-1h68-, GLV-1h209–, or 
GLV-1h210–treated mice, but no virus was detected in the brain, 
liver, or serum. In contrast, very high titers, ranging from 106 to 
107 plaque-forming units/g tissue, were recovered from tumors 
of all infected mice. The virus titer in tumors from GLV-1h210–
treated mice was higher than that from GLV-1h68–treated (P = 
0.016) and GLV-1h209–treated (P = 0.25) mice. The difference 
in the virus titer between GLV-1h210 and GLV-1h209 was not 
statistically significant, probably owing to the limited number 
of tumors (n = 4) used for viral titer analysis. The GFP signal 

intensity of GLV-1h210–treated tumors (15 sections, three sec-
tions per tumor), however, was significantly higher than that of 
GLV-1h209–treated tumors (P = 0.016) (Figure 2a). The GFP sig-
nals in treated mice were also monitored noninvasively. During 
the first 2 weeks after virus treatment, stronger GFP signals from 
tumors colonized with GLV-1h210 were noticed in comparison 
with tumors colonized with GLV-1h209 or GLV-1h68 (Figure 2b). 
GFP signals decreased as tumors shrank. No GFP or luciferase 
signals were seen in healthy organs. Furthermore, the GLV-1h213 
viral titer in tumors was 3.5 times as high as the GLV-1h68 titer 
(P = 0.0014, Supplementary Figure S2c) although GLV-1h213 
showed a similar virus replication to GLV-1h68 in culture. Thus, 
intratumorally expressed functional hEPO indeed enhanced 
VACV replication in tumors.

VACV-mediated intratumorally expressed hEPO 
enhances tumor regression
Mice-bearing A549 tumor xenografts were treated with the paren-
tal virus GLV-1h68, GLV-1h210 expressing functional hEPO, 
GLV-1h68 coadministered with rhEPO, rhEPO alone, or were 
untreated (Figure 3a). Treatment with rhEPO (nine consecutive 
days, 500 U/kg) by itself did not result in any differences in tumor 
volume when compared with untreated controls. Animals of both 
groups had to be killed at day 35 due to excessive tumor burden. 
GLV-1h68 yielded reduced tumor volumes beginning at about 
day 28 compared with untreated controls and tumor regression 

Figure 2 GFP signal intensity in tumors. Tumor-bearing mice were 
injected with 5 × 106 pfu of GLV-1h210, GLV-1h209, and GLV-1h68 or no 
treatment. At 14 dpi, five tumors in each group were excised and sectioned 
as 100 μm slices. (a) Average GFP signal intensity of 15 sections was mea-
sured using ImageJ software (three sections per tumor). A representative 
GFP signal in each group is shown with the scale bars of 2 mm, B.f., bright 
field. (b) Kinetic changes of GFP signals in tumors treated with GLV-1h68, 
GLV-1h209, and GLV-1h210 measured weekly. *P < 0.05; ***P < 0.001. GFP 
signal intensity was scored on a 4-point system after virus treatment. dpi, 
day post-infection; GFP, green fluorescent protein; pfu, plaque-forming unit.
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occurred after day 35. GLV-1h68 plus rhEPO (nine consecutive 
days, 500 U/kg) was no more effective than GLV-1h68 alone. 
Treatment with GLV-1h210, however, resulted in significantly 
greater tumor shrinkage than treatment with GLV-1h68 or with 
GLV-1h68 plus rhEPO. Reduced tumor size was apparent after 
day 14 and tumor regression began at day 28.

In a separate study (Supplementary Figure S3), rhEPO was 
injected thrice per week until the termination of the experiment 
(42 dpi) to investigate the effect of timing, dosing, or duration 
of rhEPO administration. Under all conditions, GLV-1h68 and 
rhEPO treatment did not show any statistically significant differ-
ences in tumor growth as compared with GLV-1h68 treatment 
alone. This was true irrespective of the start time of rhEPO treat-
ment (initiated 1 week before, at the same time, or 1 week after 
GLV-1h68 administration) or the dose administered (high dose, 
EPO-H, 1,000 U/kg or low dose, EPO-L, 100 U/kg).

In another experiment, we tested whether the bioactivity of 
functional hEPO was required for the enhanced therapeutic effect 
seen for GLV-1h210. Mice-bearing A549 tumor xenografts were 
treated with the parental virus GLV-1h68, GLV-1h209 express-
ing nonfunctional mutant hEPO, and GLV-1h210 expressing 
functional hEPO or untreated (Figure 3b). GLV-1h210–treated 
mice exhibited overall greater tumor regression than GLV-1h68- 
or GLV-1h209–treated mice, while GLV-1h209 showed greater 
tumor regression than GLV-1h68. The tumor regression for 
GLV-1h210–treated mice started at day 14, whereas tumor regres-
sion began at day 28 for GLV-1h68– and GLV-1h209–treated 
mice. After day 28, GLV-1h210 treatment resulted in the smallest 
tumors, and at day 42, the difference in the tumor volume between 

GLV-1h210– and GLV-1h209–treated mice was statistically sig-
nificant. In untreated control mice, tumors showed continuous 
growth, and all mice had to be killed due to tumor burden before 
the experiment was terminated. In addition, GLV-1h213–treated 
tumors showed accelerated regression compared with tumors 
treated with GLV-1h68 (Supplementary Figure S2d).

Intratumorally expressed hEPO or exogenously added 
rhEPO results in an increase in the number of RBCs 
and in the level of hemoglobin
The hematological effects of virally expressed hEPO in tumors was 
evaluated in A549 tumor-bearing mice treated with GLV-1h210, 
GLV-1h209, or GLV-1h68. At 14 dpi, hEPO protein expression was 
detected in tumors and sera from GLV-1h210– and GLV-1h209–
treated mice (Figure 4a). Whole blood samples were collected and 
evaluated for blood cell counts and hemoglobin (Hb) levels. The 
virally expressed hEPO from GLV-1h210 stimulated RBC produc-
tion (Figure 4b) and increased Hb levels (Figure 4c), but did not 
cause any changes in the size of RBCs (Supplementary Figure S4a) 
nor their Hb content (Supplementary Figure S4b). hEPO had no 
effect on the total number of white blood cells (Supplementary 
Figure S4c) or individual numbers of lymphocytes, monocytes, 
neutrophils, or platelets (Supplemental Figure S4d). Although 
GLV-1h209–treated mice showed expression of hEPO protein in 
tumors and sera, there was no effect on Hb levels (Figure 4d), 
confirming that the hEPO expressed from GLV-1h209 was not 
biologically active. In addition, compared with the levels of Hb 
before treatment, a single treatment with GLV-1h210 increased 
and maintained Hb levels throughout the experimental period 

Figure 4 The effects of virally expressed hEPO on blood cell populations. Tumor-bearing mice were injected r.o. with a single dose of 2 × 106 pfu 
of GLV-1h210, GLV-1h68, or GLV-1h209. (a) At 14 dpi, four mice in each group were euthanized and hEPO protein in tumors and sera were tested 
by ELISA; 0.1 ml of whole blood was taken r.o. from each mouse for (b) RBCs and (c) Hb tests. (d) Time course assessment of Hb levels (n = 4–5). 
(e) Tumor-bearing mice were treated with 2 × 106 pfu of GLV-1h210, GLV-1h68. Concomitantly, 500 U/kg rhEPO was injected subcutaneously for nine 
consecutive days after virus injection (days 1–9) into the rhEPO and rhEPO + GLV-1h68 groups. Hb levels were measured at day 0, day 9, and day 29 
after virus injection (n = 7–10). Significant differences were determined between day 0 and later timepoints. *P < 0.05; **P < 0.01; ***P < 0.001. dpi, 
day post-infection; Hb, hemoglobin; pfu, plaque-forming unit; rhEPO, recombinant human erythropoietin; r.o., retro-orbitally.
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(day 55), while untreated mice or mice treated with GLV-1h68 or 
GLV-1h209 showed a decline (Figure 4d). In another experiment, 
treatment with rhEPO daily for 9 days alone or in combination 
with GLV-1h68 increased Hb levels at day 9. However, after the 
treatment stopped, Hb levels declined below pretreatment levels 
(Figure 4e). These results demonstrated that hEPO expressed by 
GLV-1h210 increased Hb levels in tumor-bearing mice, alleviat-
ing tumor-related anemia. Moreover, the effect was sustained 
throughout the experiment after only a single administration of 
GLV-1h210. Interestingly, in some GLV-1h210–treated animals in 
which tumors were completely eradicated, Hb levels returned to 
normal baseline at day 90 after virus injection (Supplementary 
Table S2).

Intratumorally expressed hEPO causes enlarged 
tumoral micro-blood vessels
Optical imaging and histological staining clearly demonstrated the 
extent of infection of tumors with GLV-1h68 or GLV-1h210, and 
the coincident expression of hEPO in the latter (Figure 5). At 28 
dpi, the infection of the tumors resulted in notable tissue changes 
including massive cell death as shown by hematoxylin and eosin 
staining. In particular, GLV-1h210–treated tumors appeared to 
have larger tumor blood vessels. To investigate this effect, A549 
tumor-bearing mice were treated retro-orbitally either with 
GLV-1h210, GLV-1h209, or GLV-1h68 at a dose of 5 × 106 plaque-
forming units. At 14 dpi, five animals from each group were killed. 
Tumors were excised and processed with agarose-embedded sec-
tioning and stained for the blood vessel marker CD31 (Figure 6). 
The results revealed that while the mean blood vessel diameter of 
all virally infected tumors were greater than the untreated con-
trols, the highest mean blood vessel diameter was observed in the 
GLV-1h210–treated tumors, which was statistically significant 
over all other groups (P < 0.001). Importantly, treatment with 
virus did not affect the number of blood vessels in tumors. The 
mean blood vessel density in all virally treated groups was not dif-
ferent from the untreated controls.

Intratumorally expressed hEPO does not affect the 
innate immune response in nude mice
While our results showed that hEPO expression did not affect 
white blood cell counts in circulation, it was possible that the 
population of immune cells within the tumor was altered. Tumors 
at 14 dpi were stained for major histocompatibility complex-II–
positive cells (B cells, macrophages, and dendritic cells) (Figure 
7). GLV-1h210– and GLV-1h209–treated tumors showed signifi-
cantly higher positive staining compared with GLV-1h68 treated 
or untreated controls, indicating enhanced immune recruitment 
into GLV-1h210– or GLV-1h209–treated tumors. This enhanced 
immune recruitment was most likely due to enhanced virus repli-
cation of GLV-1h209 and GLV-1h210 in tumors when compared 
with GLV-1h68. Consistent with the higher viral titer of GLV-1h210 
in tumors than GLV-1h209, the average value of major histocom-
patibility complex-II fluorescent intensity of GLV-1h210–treated 
tumors was higher than that of the GLV-1h209 group, although 
the difference was not statistically significant. In addition, the 
expression of 58 immune-related antigens in tumors was analyzed 
(Supplementary Table S3). No differences between GLV-1h210 

and GLV-1h209 (ratio >2 or <0.5) were seen. Thus, the expression 
of functional hEPO in tumors had no immune modulation effect 
in the immuno-compromised nude-mouse model.

DISCUSSION
GLV-1h68 has been successfully used to treat many types of 
cancer in various preclinical models. It can be used as a mono-
therapy1,2,6,22 or can be combined with chemotherapy23 or radio-
therapy.24 Moreover, transgenes in VACV were shown to improve 

Figure 5 Optical and histological analyses of VACV-infected tumor 
xenografts. Tumor-bearing mice were injected with a single dose of 
2 × 106 pfu of GLV-1h210, GLV-1h68. At 28 dpi, tumors were excised 
and processed for paraffin-embedded sectioning. Adjacent 5 μm sec-
tions were stained either with anti-VACV, anti-hEPO antibodies or H&E. 
Hematoxylin counterstaining was used for the background separation. 
Images were captured at ×100 original magnification. Furthermore, left 
pictures are Renilla-luciferase (Ruc) and green fluorescent protein (GFP) 
encoded by VACVs, which were imaged before tumors were excised. 
dpi, day post-infection; hEPO, human erythropoietin; H&E, hematoxylin 
and eosin; pfu, plaque-forming unit; VACV, vaccinia virus.
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Figure 6 The effect of virally expressed hEPO on tumor blood ves-
sels. Tumor-bearing mice were injected with 5 × 106 pfu of GLV-1h210, 
GLV-1h209, and GLV-1h68. Tumors were excised at 14 dpi and pro-
cessed for agarose-embedded sectioning. 100 μm sections were stained 
for blood vessels using anti-CD31 antibodies. (a) Vessel diameter and 
(b) density were measured. Vessel diameter and density were measured 
in 30 different fields of 1.91 × 1.43 mm (two fields for one section, three 
sections for one tumor, and five tumors for each group) using ImageJ 
software. (c) A representative CD31-staining field for each group with 
bars of 0.3 mm. ***P < 0.001. dpi, day post-infection; hEPO, human 
erythropoietin; pfu, plaque-forming unit.
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tumor regression25 and enable deep tissue imaging.26 In this 
study, we demonstrate that the GLV-1h68–based oncolytic viro-
therapy platform can be engineered to express hEPO in human 
lung tumor xenografts in nude mice. The virally expressed hEPO 
increased RBC biogenesis, enlarged tumoral micro-blood vessels, 
and enhanced oncolytic virotherapy.

Modification of the parental virus GLV-1h68 by insertion of a 
hEPO expression cassette, either functional (GLV-1h210) or non-
functional (GLV-1h209), enhanced viral replication of the result-
ing viruses in cell culture. This was due to the replacement of the 
VACV promoters in the parental virus (P7.5 and PE/L) with the 
weaker promoter, P7.5E, as we previously showed that virus repli-
cation efficiency was inversely proportionate to the transcription/
translation burden added to the viral genome.27 The enhanced 
virus replication was not due to the virally expressed hEPO since 
exogenously added rhEPO had no effect on GLV-1h68 replication 
and GLV-1h213 that expresses functional hEPO under the control 
of the VACV synthetic late promoter PL (the promoter PL is much 
stronger than the VACV 7.5K early promoter P7.5E in GLV-210 
and GLV-1h209) showed almost identical replication efficiency 
to GLV-1h68 in cell culture. Interestingly, the GFP signal inten-
sity in tumors treated with GLV-1h210 was significantly higher 
than that in tumors treated with GLV-1h209, which expresses a 
nonfunctional hEPO, although both GLV-1h210 and GLV-1h209 
have the same promoter (P7.5E) and both showed almost identi-
cal replication efficiencies in cell culture. In addition, GLV-1h213 
showed a significantly higher replication efficiency in tumors than 
GLV-1h68. Thus, the functional hEPO expressed from VACV 
enhanced VACV replication in tumors, but not in cell culture, 
likely by mechanisms related to physiological changes in the tumor 
microenvironment. By contrast, exogenously added rhEPO did 
not have an effect on virus replication in tumors (Supplementary 
Figure S5), probably owing to an inability of achieving and main-
taining high concentrations of rhEPO in tumors after rhEPO 
administration. Indeed, we were not able to find any detectable 
amount of rhEPO in both tumors and sera at 1 day after rhEPO 
administration despite the different doses and intervals of rhEPO 
administration that we tested.

During evaluation of GLV-1h213 in mice (Supplementary 
Figure S2), we noticed GLV-1h213 toxicity was enhanced in 
mice in comparison with GLV-1h68 and GLV-1h210. Therefore, 
the toxicity of GLV-213 did not allow extensive comparison with 
GLV-1h68. We also constructed an additional hEPO-expressing 
VACV (GLV-1h211). GLV-1h211 is identical to GLV-1h213 and 
GLV-1h210 structurally, but EPO expression is driven by the 
VACV synthetic early promoter (PE) that is weaker than the PL 
promoter in GLV-1h213, but is stronger than the P7.5E promoter 
driving EPO expression in GLV-1h210. Surprisingly, GLV-1h211 
with EPO expression from the PE promoter was still toxic to mice 
compared with GLV-1h68 and GLV-1h210. It is evident that high-
level overexpression of hEPO in tumors is toxic to mice. We found 
that the level of hEPO expression mediated by GLV-1h210 was 
optimal since no overt toxicity was observed in mice.

One important factor contributing to tumor growth is angio-
genesis. Here, we show that VACV-mediated expression of hEPO 
in tumors did not affect tumor microvessel density. However, 
bigger blood vessels were observed in the VACV-treated tumors 
compared with untreated controls (P < 0.001). Enlargement of 
tumoral blood vessels after VACV tumor infection has been 
previously reported.28 Furthermore, the vessel enlargement was 
more prominent in GLV-1h210–treated tumors compared with 
GLV-1h209 (P < 0.001) or GLV-1h68 (P < 0.001). The results sug-
gest that functional hEPO modulates the tumor microenviron-
ment, leading to enlarged micro-blood vessels without promoting 
tumor neoangiogenesis. Vessel dilatation was shown to increase 
vascular permeability, thus, facilitating virus spreading locally.29 
The administration of hEPO has been shown to increase vascu-
lar permeability enhancing chemotherapy with 5-fluorouracil 
without neoangiogenic effects.30 Our results suggest that hEPO 
expressed from GLV-1h210 further enhanced tumoral microvessel 
enlargement without an increase in the number of blood vessels.

Administration of rhEPO has been reported to increase levels 
of endogenous polyclonal immunoglobulins, B cells,31 T cells,32 
and/or dendritic cells.33 These immune cells play an important role 
in controlling tumor growth and rejection.34,35 In this study, we did 
not see any effects of functional hEPO on immune cell infiltra-
tion and cytokine/chemokine expression in tumors. The degree 
of immune infiltration and cytokine/chemokine expression was 
directly correlated to the number of virus particles detected in the 
tumor tissue,3,22,28 supporting the simple conclusion that higher 
virus titers recruit more immune cells and elicit greater secreted 
cytokines/chemokines. It is noteworthy that in these studies we 
used T cell-deficient nude mice, which are not an ideal model for 
evaluation of the innate immune response.

rhEPO was approved for the treatment of cancer-related ane-
mia in 1993. Clinically, it has demonstrated enormous benefits 
in correcting anemia that affects 90% of cancer patients, 60% of 
which need blood transfusion during or after cancer treatment.36 
Lung cancer patients in particular have an incidence of anemia 
of 70.9%.37 Among patients receiving chemotherapy, one third 
develop anemia after three cycles of chemotherapy.10 Here, we 
have shown a significant increase in the number of RBCs and the 
levels of Hb following treatment with GLV-1h210, while mice 
treated with GLV-1h68, GLV-1h209, or untreated controls showed 
a decrease in the levels of Hb. In addition to erythropoiesis, EPO 

Figure 7 Immune cell infiltration in virus-infected tumors. Tumor-
bearing mice were injected with 5 × 106 pfu of GLV-1h210, GLV-1h209, 
and GLV-1h68. At 14 dpi, tumors were excised and stained for MHC-II–
positive cells. (a) Average fluorescent intensity of five tumors in each 
group (one section for one tumor). (b) A representative MHC-II-staining 
section in each group overlaid with the GFP signal image as an indication 
of VACV infection with the bars of 2 mm. *P < 0.05; **P < 0.01. dpi, day 
post-infection; GFP, green fluorescent protein; MHC, major histocom-
patibility complex; pfu, plaque-forming unit; VACV, vaccinia virus.
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has been reported to have antiapoptotic effects, which promote 
proliferation and migration of endothelial cells38 in which the EPO 
receptor is highly expressed.39 The antiapoptotic effect is thought 
to be initiated by the binding of EPO to EPO receptor, leading to 
the activation of Janus Kinase-2 (JAK-2), and then triggering a 
series of downstream cascades.40–42 Some preclinical studies have 
suggested that treatment with rhEPO may promote angiogenesis 
and tumor growth,17 while others showed no such effects.18,19 Our 
results revealed that hEPO expressed from GLV-1h210 in tumors 
did not promote tumor growth. Rather, it enhanced the efficacy of 
VACV-mediated oncolysis.

In summary, hEPO expressed from VACV in tumors signifi-
cantly increased the number of RBCs, Hb levels, virus replica-
tion in tumors, and enhanced tumor regression in the A549 lung 
tumor xenograft model. Locally expressed hEPO caused enlarge-
ment of tumoral microvessels, which facilitated virus spreading 
and tumor regression. It is conceivable that in clinical settings, 
the combined benefits of EPO-VACV treatment, enhanced onco-
lytic activity, and systemic erythropoiesis, could simultaneously 
improve treatment and ameliorate anemia in patients with cancer.

MATERIALS AND METHODS
Cell lines. All cell lines used in this study were obtained from the American 
Type Culture Collection (Manassas, VA). African green monkey kidney 
fibroblast CV-1 cells were cultured in Dulbecco’s modified Eagle’s medium, 
supplemented with 1% antibiotic-antimycotic (AA) solution (Mediatech, 
Manassas, VA; 100 U/ml penicillin G, 250 ng/ml amphotericin B, 100 units/ml  
streptomycin) and 10% fetal bovine serum (Mediatech). Human lung cancer 
cell line A549 cells were cultured in RPMI 1640, supplemented with 10% fetal 
bovine serum and 1% AA. Cells were grown at 37 °C under 5% CO2.

Construction of hEPO-expressing VACVs. The cDNA-encoding hEPO 
was PCR-amplified with primers EPO5 (5′-GTCGAC (Sal I) CAC-
CATGGGGGTGCACGAATGTCC-3′) and EPO3 (5′-TTAATTAA (Pac 
I) TCATCTGTCCCCTGTCCTGC-3′) using a DNA plasmid from Ori-
Gene (Rockville, MD) as the template (cat. no. TC125341). The PCR prod-
uct was gel purified and cloned into pCR-Blunt II-TOPO vector using the 
Zero Blunt TOPO PCR Cloning Kit (Life Technologies, Carlsbad, CA). 
The hEPO cDNA was then released by restriction enzyme digestion with 
Sal I and Pac I, and subcloned into the VACV TK-transfer vectors.27 The 
hEPO-expressing VACV strain GLV-1h210 was constructed by amplify-
ing the cDNA for hEPO with primers P7.5Ec-epo5 (5′-GAGCTC(SacI)
AAAAGTAGAAAATATATTCTAATTTATTGCACGGTCGACCAC-
CATGGGGGT-3′) and SacI-epo3 (5′-TCCGAGCTC(Sac I)TCCAGA-
CATTGTTG-3′) using the hEPO-containing TK-transfer vectors 
described above as the template. The PCR product was cloned into pCR-
Blunt II-TOPO vector, released by restriction with Sac I, and subcloned 
into the TK-transfer vector. The resulting construct TK-P7.5E-hEPO thus 
contained the hEPO cDNA under the control of vaccinia natural early pro-
moter P7.5E and was used for construction of recombinant GLV-1h210 
with GLV-1h68 as the parental virus. GLV-1h209 was generated similarly, 
but expressing a mutated, nonfunctional hEPO (R103A). TK-P7.5E-
hEPO vector was used as the template for site-direct mutagenesis using 
a pair of primers (5′-GCCGTCAGTGGCCTTGCCAGCCTCACCA-3′ 
and 5′-TGGTGAGGCTGGCAAGGCCACTGACGGC-3′), resulting in 
arginine replaced with alanine at the amino acid position 103 of hEPO 
(hEPO-R103A) (Quick Change II XL site directed mutagenesis kit; Agi-
lent technologies, Santa Clara, CA). The mutation was confirmed by DNA 
sequence analysis. GLV-1h209 was produced using the TK-P7.5E-hEPO-
R103A transfer vector and the parental virus GLV-1h68. The recombinant 
viruses were selected and purified as described previously.43

Virus replication assay. Monolayers of A549 cells were infected with each 
virus at a multiplicity of infection of 0.01 for 1 hour. At 4, 24, 48, and 72 hpi, 
three individual-infected wells of each virus were harvested, serially diluted 
in Dulbecco’s modified Eagle’s medium with 2% fetal bovine serum and 
titrated in CV-1 cells in duplicate. Where indicated, rhEPO (epoetin alfa; 
Amgen, Thousand Oaks, CA) was added to infection and culture media and 
remained until time of harvest at a final concentration of 10 U/ml.

Quantification of hEPO expression. Tumor-bearing mice were killed at 
14 days after treatment with each virus. Tumors were excised and homog-
enized in lysis buffer (50 mmol/l Tris-HCl, 2 mmol/l EDTA, pH 7.4) sup-
plemented with complete protease inhibitor cocktail (Roche, Indianapolis, 
IN) using MagNA lyser (Roche) at a speed of 6,500 for 30 seconds. Tumor 
lysates underwent three cycles of freeze-thaw, sonication, and clarification 
by centrifugation at 10,000 rpm for 10 minute at 4 °C. Sera were collected 
by centrifugation of whole blood at 6,000 rpm for 5 minute after coagula-
tion overnight at 4 °C. In cell culture, A549 cells were infected with each 
virus at a multiplicity of infection of 10 in triplicate. At 2, 6, 12, and 24 
hpi, supernatants were harvested. hEPO protein levels in tumor lysates, 
sera, and cell culture supernatants were quantified using the EPO ELISA 
kit (STEMCELL Technologies, Vancouver, British Columbia, Canada).

Animal model and tumor therapy with EPO-VACVs. Mice were cared in 
accordance with approved protocols by the Institutional Animal Care and 
Use Committee of Explora Biolabs (San Diego Science Center, San Diego, 
CA). Tumors were generated by the subcutaneous implantation of A549 
cells (5 × 106 cells) in the right-hind leg of 6–8 weeks old male nude mice 
(NCI/Hsd/Athymic Nude-Foxn1nu; Harlan, Placentia, CA). About 3 weeks 
after implantation, when tumors reached a volume of about 200 mm3 
(tumor volume was calculated following this formula: ((height − 5 mm) × 
width × length)/2), tumor-bearing mice were retro-orbitally injected with 
a single dose of 2 × 106 plaque-forming units/mouse (unless otherwise 
indicated) of EPO-VACVs, GLV-1h68, or received no treatment. Where 
indicated, rhEPO was administered subcutaneously for nine consecutive 
days in the left flank of mice at a dose of 500 U/kg. Tumor volume and 
animal weight were measured once a week. Animals were observed daily 
for any signs of toxicity. At the designated timepoints, mice were killed, 
and blood, tumor, and tissues (liver, lungs, kidneys, brain, and spleen) were 
collected. The samples were used for blood tests, histology, protein isola-
tion, or determination of virus replication. GFP signals were monitored 
under ultraviolet light using a stereo fluorescence macro imaging system 
(Lightools Research, Encinitas, CA). GFP signal intensity was scored with 
a 4-point system: 0, no GFP signal; 1, one spot; 2, 2 or 3, local spots; 3, more 
than 3 spots; and 4, diffuse signal.

Hb test and total blood cell counts. Mice were anesthetized using a com-
bination of isoflurane and oxygen (VetEquip, Pleasanton, CA). Blood was 
taken by retro-orbital bleeding using EDTA-coated capillary tubes (Fisher 
Scientific, Pittsburgh, PA). Hb was measured by QuantiChrom hemoglo-
bin assay (BioAssay Systems, Hayward, CA), and total blood cell count was 
determined within 2 hour of blood draw (Explora biolabs, San Diego, CA).

Immunohistochemical staining. For paraffin-embedded sections, 5 μm sec-
tions were cut using an RM2125 microtome (Leica, Buffalo Grove, IL) and 
subjected to H&E staining (Vector Laboratories, Burlingame, CA). Adjacent 
sections were stained for hEPO and VACV. Rabbit anti-hEPO antibodies 
(1:100, M20; Santa Cruz Biotechnology, Dallas, TX) and goat anti-rabbit 
IgGs-conjugated HRP (Vector Laboratories) were used as primary and sec-
ondary antibody, respectively. Chromogenic detection was performed with 
DAB liquid substrate (Dako, Carpinteria, CA). The background was coun-
terstained with hematoxylin. VACV staining was performed as described 
previously.25 Stained slides were examined microscopically (Olympus IX71; 
Olympus, Center Valley, PA). For agarose-embedded sections, 100 μm sec-
tions were cut using a VT1200S microtome (Leica) and stained for major 
histocompatibility complex-II (I-A/I-E, 1:500; eBioscience, San Diego, CA) 
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or CD31 (PECAM-1, 1:200; BD Pharmingen, San Jose, CA).28 Donkey anti-
rat IgGs-conjugated Alexa Fluor 594 (1:500; Jackson ImmunoResearch, 
West Grove, PA) was used as a secondary antibody. Images were captured 
on a MZ16 FA stereo fluorescence microscope (Leica) equipped with a 
Firewire DFC/IC monochrome CCD camera.

Measurement of fluorescence intensity. Fluorescence intensity of sections 
stained for major histocompatibility complex-II–positive cells was mea-
sured using ImageJ software (http://rsb.info.nih.gov/ij/) based on bright-
ness-related pixels with fluorescence intensity ranging from 0 to 255. All 
images were captured with the identical settings. Using ImageJ software, 
the whole image area (12.7 × 9.51 mm) was divided into 12 grids or fields. 
Between five and 11, fields were used to count fluorescent signal inten-
sity. The signal intensity of each section was the average of the individually 
counted fields. The GFP signal intensity of virus-infected tumors was mea-
sured in the whole tumor section.

Measurement of blood vessel density and vessel diameter. Sections 
stained for CD31 were used for the measurement of blood vessel density 
and diameter. Under the fluorescent microscope, the magnification was 
fixed for all captured images with a dimension of 1.91 × 1.43 mm. Using 
the ImageJ software, five equally spaced horizontal lines were drawn on all 
captured images. All blood vessels that intersected with these lines were 
counted and measured for blood vessel density and diameter.

Statistical analysis. A two-tailed Student’s t-test was used for statistical 
analysis. P values of <0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL
Figure S1. Expression of marker genes from EPO-VACVs detected by 
fluorescence microscopy and X-gal, X-GLcA staining.
Figure S2. Virally expressed hEPO enhances virus replication in tu-
mors, resulting in accelerated tumor regression.
Figure S3. Relative changes in tumor volume after treatment with 
GLV-1h68 in combination with rhEPO (epoetin alfa).
Figure S4. The effects of virally expressed hEPO on blood cell 
populations.
Figure S5. Virus titer after treatment with GLV-1h68, GLV-1h210, and 
GLV-1h68 in combination with rhEPO.
Table S1. Virus distribution in organs after treatment with GLV-1h68, 
GLV-1h209, and GLV-1h210.
Table S2. Hemoglobin levels return to normalcy in mice treated with 
GLV-1h210 after tumor eradication.
Table S3. Comparison of mouse immune-related antigens in tumors 
after treatment with GLV-1h210, GLV-1h209 or GLV-1h68.
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