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Introduction
According to a systemic review by Kirby, Hirst, and Crawford, 
castration-resistant prostate cancer (CRPC) is a common 
and highly morbid progressive form of prostate cancer, with 
around 10%–20% of prostatic cancer patients progress-
ing to this state within five years. Metastases are present in 
more than 84% of CRPC cases, and the reported survival is 
9–13 months in patients with metastatic CRPC (mCRPC).1 
More recently, significant advances in second-generation hor-
monal therapy,2,3 immunotherapy,4 bone-targeted therapy,5,6 
and chemotherapy7 have become available for the treatment of 
mCRPC. Despite improvements in patient survival, mCRPC 
remains incurable, and improvement in the quality of life 
(QOL) is still a challenge. Therefore, a novel, personalized 
therapy with a new therapeutic cancer vaccine founded on 
gene-based medicine is much awaited.

Regarding gene therapy, so far 1,331 cancer gene therapy 
protocols have been conducted around the world (http://www.
wiley.com/legacy/wileychi/genmed/clinical/, updated June 
2014). Interestingly, the second highest number of protocols 

has been for prostate cancer, as the prostate is regarded as an 
ideal target organ for the development of cancer gene thera-
py.8 Since 1996, our study group has been taking on chal-
lenges to develop cancer gene therapy and the group has 
conducted several clinical trials on prostate cancer.9–11 These 
two-way, bench-to-bedside and bedside-to-bench, transla-
tional researches clearly indicate that the induction of robust 
systemic effects through the activation of antitumor immunity 
is the key to creating an ideal therapeutic strategy for in situ 
cancer gene therapy. Recently, new therapeutic genes such as 
MDA-7/IL-24,12 GLIPR1/RTVP-1,13 and REIC/Dkk-3,14 
are being investigated, which are multifunctional with selec-
tive killing and immunomodulation. In addition, new, sophis-
ticated approaches in the form of armed oncolytic viruses15,16 
have also been developed. OncoVexGM-CSF (now, talimogene 
laherparepvec, or T-VEC) is an oncolytic herpes simplex type 
1 virus carrying GM-CSF and the first oncolytic virus found 
effective in a Phase III clinical trial for unresected stage IIIB/C 
and IV melanoma.17 An oncolytic virus can replicate only in 
cancer cells, causing cancer cell death. The virus expressing 
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GM-CSF spreads and initiates an immune response in distant 
tumors. The new strategy, based on the concept of simultaneous 
induction of selective killing of cancer cells and augmentation 
of antitumor immunity, leads to a new generation of cancer 
vaccines and is expected to become a leading standard in the 
treatment of most solid cancers, with gene therapy.

The reduced expression in immortalized cells (REIC)/
Dickkoph-3 (Dkk-3) gene was isolated and cloned as an 
immortalization-related gene at Okayama University in 
2000,14 and identified as a new tumor suppressor gene.18 This 
gene is identical to the human Dkk-3, one of the Dkk fam-
ily genes (hDKK-1, 2, 3, and 4) and has rapidly emerged as a 
key player in most human cancers.19 The expression of REIC/
Dkk-3 is significantly reduced in a wide variety of cancer cells 
including prostate cancer, and its forced expression using 
adenovirus vector carrying the human REIC/Dkk-3 gene 
(Ad-REIC) induces cancer-selective apoptosis as a result of 
unfolded protein response due to endoplasmic reticulum stress 
(ER stress).20 Interestingly, ER stress mediates the enhanced 
IL-7 expression in co-infected normal fibroblasts, resulting 
in the activation of innate immunity involving natural killer 
(NK) cells.21 In addition, the secreted REIC protein with 
immunomodulatory function creates an optimal environment 
for the activation of host immune cells, inducing cytotoxic T 
lymphocytes.22,23

In order to develop Ad-REIC as a new form of thera-
peutic cancer vaccine, the first in-human clinical study, a 
Phase I/IIa study of in situ Ad-REIC gene therapy for pros-
tate cancer, was initiated at Okayama University from Janu-
ary 2011. The original Ad-REIC, a replication-deficient 
adeno virus vector, was constructed at Okayama University,18 
and its current Good Manufacturing Practice (cGPP) prod-
uct was supplied by Momotaro-Gene Inc. Two groups of 
patients were treated: group A consisting of patients with 
castration-resistant PCa with or without metastasis, and 
group B consisting of patients with high-risk, localized PCa 
scheduled to undergo radical prostatectomy. Ad-REIC was 
injected directly into the prostate or metastatic tumor using 
four escalating doses of viral particles (vp), starting from  
1.0 × 1010 to 3.0 × 1012 vp. In group A, patients received 
two injections at four-week intervals. In group B, patients 
received two injections at two-week intervals and underwent a 
radical prostatectomy six weeks after the second injection. In 
group A, additional injections were permissible in cases show-
ing positive responses. As of November 2014, 18 scheduled 
cases in group B were completed, demonstrating the remark-
able safety profiles of Ad-REIC and dose-dependent clinical 
effects without reaching the maximum tolerated dose. Since 
the maximum feasible dose for intratumoral injection of Ad-
REIC was determined, new enrollment in group A was also 
closed. The entire clinical data on the Phase I/IIa study of  
in situ Ad-REIC gene therapy for prostate cancer will be 
published elsewhere. The patient whose case is presented fol-
lowing has given his consent for this publication.

case Presentation
A 63-year-old man with mCRPC, who showed progres-
sion on decetaxel treatment, was referred to our hospital for 
Ad-REIC gene therapy in November 2012. In 2009, he vis-
ited the urology department of a regional general hospital with 
nocturia, and his prostate-specific antigen (PSA) level was 
measured for the first time. The PSA level was 483 ng/mL,  
and prostate biopsy showed an adenocarcinoma having a 
Gleason score of 9 (4 + 5). After being diagnosed with a locally 
advanced prostate cancer (stage C), he received combined 
androgen blockade (CAB) with the nonsteroidal antiandrogen 
bicalutamide and the LH-RH analog goserelin acetate, show-
ing immediate normalization of the PSA level (0.01 ng/mL).  
In 2010, after 15 months on CAB, he received TomoTherapy, 
a form of intensity-modulated radiation therapy, with 74.8 Gy 
in 34 fractions in combination with CAB, at a regional cancer 
center. In May 2012, estramustine phosphate was prescribed 
after evaluating the anti-androgen withdrawal response to 
bicalutamide, with gradual elevation of the PSA level. Estra-
mustine was unable to lower PSA elevation, and consequent 
CT, MRI, and PET/CT revealed left obturator LN metasta-
sis. From August 2012, he received five cycles of chemotherapy 
with decetaxel 75 mg/m2 every 3–4 weeks at another regional 
core hospital (Fig. 1). PSA response to the last two cycles of 
docetaxel was not achieved because of bulky pelvic LN metas-
tases. The patient suffered severe peripheral neuropathy, in the 
form of tingling sensations in the hands.

At our hospital, we carefully evaluated the indication 
for Ad-REIC gene therapy and informed the patient that 
the gene therapy protocol was approved by the Institutional 
Review Board (IRB) at Okayama University Hospital and 
the Japanese Government, although still in the investiga-
tional stage. His laboratory data was almost normal except 
for mild anemia (RBC 3.42 × 106/µL, Hb 40.3 g/dL). He 
was also taking an oral antidiabetic drug (Metformin), and 
his HbA1c (6.2%) was under good control. He reviewed the 
informed consent document and received individual counsel-
ing, including a thorough discussion about alternative treat-
ments or the right to decline participation. Subsequently, he 
underwent a CT-guided needle biopsy of the left obtura-
tor LN, which showed a metastatic adenocarcinoma with a 
Gleason score of 9 (5 + 4) (Fig. 2A), while ultrasound-guided 
transrectal 10-core prostate biopsy showed no cancer cells. 
In December 2012, we planned to enroll the patient as the 
eighth case in group A receiving a dose level 3 of 1 × 1012 vp, 
and direct injection of Ad-REIC into the left obturator LN 
under CT guidance was approved by the eligibility monitor-
ing committee of the IRB.

The clinical course of in situ Ad-REIC is summarized in 
Figure 1. Ad-REIC (1.0 × 1012 vp/1.2 mL) was directly injected 
into the left obturator LN (more than 30 mL in volume) under 
CT guidance. After two scheduled injections, a significant 
decrease in serum PSA level (31.27→56.08→17.23 ng/mL)  
and almost complete necrosis within the injected LN was 
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observed by CT and histological examinations (Fig. 2B). 
Notably, similar remarkable necrotic changes were also seen 
in other noninjected metastatic pelvic LNs. Based on these 
clinical findings, an additional four Ad-REIC injections were 
administered (Fig. 2C), leading to complete control of pelvic 
LNs with further PSA decline (5.02 ng/mL), as shown in 
Figures 1 and 3. On the other hand, newly developed mul-
tiple para-aortic LNs metastases progressed with gradual PSA 
re-elevation (17.15 ng/mL). Next, additional six Ad-REIC 
injections were administered into para-aortic metastatic 
LNs (Figs. 1 and 4), resulting in remarkable PSA decline  
(2.57 ng/mL), and necrotic changes in the targeted LNs 
were detected by CT and histological examination (Fig. 5). 

Consequently, the patient was treated successfully for one 
year by 12 injections at an average four weeks’ interval. In 
the following year, three therapeutic Ad-REIC injections 
were administered into newly enlarged, gourd-shaped left 
para-aortic LNs, after a biopsy specimen from the upper part 
of the left para-aortic LNs showed clusters of viable cancer 
cells (Fig. 6A). Two injections into the upper part and one 
into lower part of the LNs resulted in adequate control of the 
whole of the metastatic LNs (Figs. 3 and 6B) with PSA decline  
(2.25 ng/mL). No bone or visceral metastases and no par-
ticular adverse events including immune-related response 
were observed, besides mild transient fever associated with 15 
Ad-REIC injections during the 24-month treatment period.

1st
2nd
3rd
5th
6th

4th

CA B

Figure 2. needle biopsy and ad-ReiC injection under Ct guidance. (A) Pretreatment biopsy of left obturator ln, showing a metastatic adenocarcinoma 
with a gleason score of 9 (5 + 4), h&e staining, reduced from × 40. (b) Biopsy of left obturator ln after two scheduled ad-ReiC treatments, showing 
almost complete necrosis (h&e, × 40). (C) schematic representation and radiological imaging of scheduled and additional ad-ReiC injections into 
metastatic pelvic lns.
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Figure 1. Clinical course of in situ ad-ReiC gene therapy. the patient received two scheduled injections into metastatic left obturator ln and additional 
13 injections into metastatic lns using cgMP ad-ReiC (1.0 × 1012 vp/1.2 ml). the procedure was carried out by using a set of 21g long needles and an 
injection machine that can control the injection speed and solution volume under Ct guidance.11 dynamic changes in metastatic lns and Psa levels over 
two years are demonstrated. green represents viable lns and gray represents nonviable lns.
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Figure 3. Changes in CT findings of pelvic LN metastases. Before injection, multiple metastatic pelvic LNs were observed. After the third injection, 
almost complete necrosis of the injected lt. obturator ln was observed, illustrating ad-ReiC induced powerful direct effects. similar necrotic changes 
of non-injected external and common iliac lns were observed, illustrating the induction of strong indirect effects of ad-ReiC. after the sixth injection, 
cytoreductive effects were clearly seen and external and common iliac lns were not detected after the 15th injection.

7th, 10th

9th

8th

11th, 12th

Figure 4. schematic representation and radiological imaging of ad-ReiC 
injections into para-aortic metastatic lns. in the treatment of metastatic 
para-aortic lns, three main lns were treated separately and four 
injections were administered into lt. para-aortic node.

research group had started international collaborative studies 
to develop cancer gene therapy at Okayama University. From 
March 2001 to July 2005, we completed the first clinical 
study on suicide gene therapy for prostate cancer in Japan, 
demonstrating the safety, gene expression, and clinical effects 
of Ad-HSV-tk gene therapy for locally advanced CRPC.11 
Our initial development strategy on in situ gene therapy for 
prostate cancer was to combine suicide gene therapy with 
immune gene therapy using interleukin (IL)-12 (Ad-IL-12), 
in order to augment direct and indirect “bystander” effects.25 
As for Ad-IL-12, a Phase I/IIa dose escalation study, start-
ing from 1.0 × 1010 vp and reaching 5.0 × 1012 vp for locally 
advanced CRPC and mCRPC, was conducted at Okayama 
University from May 2008, following approval from the 
Japanese Government. In March 2010, the 10th patient was 
enrolled into this clinical study, as the first patient in dose 
level 4 of 5 × 1011 vp. This patient showed clear objective 
responses, with gradual PSA decline and disappearance of 
a single metastatic internal iliac LN, after three scheduled 
monthly injections into prostatic lesions. However, adverse 
events, such as high fever (grade 2–3) and liver dysfunction 
(grade 2), were also noted. The patient refused to continue 
treatment after two additional monthly injections, probably 
due to high fever following each injection. Therefore, this 

discussion
In 1996, when the first suicide gene therapy with an adeno-
virus vector carrying HSV-tk gene (Ad-HSV-tk) for prostate 
cancer was conducted at Baylor College of Medicine,24 our 
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Before Inj. After 6th Inj.
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A B

Figure 5. Changes in CT findings of para-aortic LN metastases including histological examination. (A) Before ad-ReiC injection, no para-aortic ln metastases 
were detected. Before the seventh injection, apparent ln metastases were observed, as indicated by arrows.  after the ninth injection, right and central para-
aortic lns showed necrotic changes, but left para-aortic ln (lPn) showed enlargement. after the 12th injection, lPn showed cytoreductive effects with 
necrotic change. (b) schematic representation of biopsy procedure and histology of lPn showing complete necrosis after 12th injection (h&e, ×40).

After 14th Inj.Before 13th Inj. After 15th Inj.

A

B

A

13th, 14th

15th

Biopsy

Figure 6.   histological examination and Ct changes of re-enlarged lPn. (A) Before the 13th injection, biopsy of lPn showed clusters of viable cancer 
cells (h&e, ×100). (b) lPn appeared to have gourd-shaped growth. after the 14th injection, the upper part showed lobulated shrinkage with necrosis but 
the lower part showed enlargement. after the 15th injection, the lower part ceased to grow.

study was put on hold until we could obtain sufficient evi-
dence on the safety of Ad-IL-12 from other investigational 
studies.

Contrary to Ad-IL-12, Ad-REIC showed remark-
able safety profiles, although we used the same replication-
deficient, the so-called “first-generation” adenovirus type 5,  
vectors. In fact, the present patient received 15 repeated injec-
tions with 1 × 1012 vp for two years and showed only transient 
fever, treatable with antipyretics. The first-generation adeno-
virus vectors are reported to have two major limitations: first, 
these vectors usually mediate a short-term gene expression, 
and, second, these vectors tend to elicit relatively strong 
immune and inflammatory responses.26 In terms of drug 

development, we already have a huge amount of long-term 
accumulated data on safety and pharmacology derived from 
various clinical trials with first-generation adenoviruses. As 
for type-specific neutralizing antibodies raised against ade-
novirus vector particles, it was reported as early as 1999, by 
Swisher et al, that even with high titers, antibodies in blood 
would not reduce gene transfer by repeated intratumoral 
injections, as shown in their initial study on adenovirus-
mediated p53 gene transfer (Ad-p53) in advanced non-small-
cell lung cancer.27 In addition, many thousands of patients 
have received Ad-p53 gene therapy in clinical trials, mostly 
in the USA and China, with some remarkable clinical out-
comes. Unfortunately, Ad-p53 (Advexin®) did not receive 
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the U.S. Federal Drug Administration (FDA) approval.28 
On the other hand, in 2003, Ad-p53, trademarked as Gen-
dicine, was approved by the Chinese State Food and Drug 
Administration, and Gendicine has been used to treat head 
and neck squamous cell carcinoma and other cancers, with-
out any serious adverse events related to the first-generation 
adenovirus vectors.29 Therefore, the next challenge for in situ 
gene therapy using the first-generation adenovirus vectors is 
to find ways to improve direct and indirect “bystander” effects 
with these well-characterized vectors.

In an orthotopic prostate cancer model with pre- 
established lung metastases using RM-9 mouse prostate cancer 
cells, in situ Ad-mouse (m)IL-12 gene therapy clearly sup-
pressed pre-established lung metastases.25 Although the com-
bination of Ad-HSV-tk plus ganciclovir and Ad-mIL-12 gene 
therapy inhibited local tumor growth more than single treat-
ment protocols, combination therapy did not suppress pre-
established lung metastases more than Ad-mIL-12 gene 
therapy alone. Combination therapy also did not achieve 
significantly better animal survival compared to single treat-
ment protocols, probably due to complex cooperative thera-
peutic activities and host immunological responses.30 In the 
same orthotopic mouse model, however, Ad-mREIC as well as  
Ad-REIC significantly suppressed local tumor growth and 
pre-established lung metastases, and prolonged mice sur-
vival.22,31 These animal studies clearly demonstrate that, 
in terms of the induction of direct and indirect “bystander” 
effects, Ad-REIC monotherapy is extremely simple and effec-
tive, in comparison to combination with Ad-HSV-tk plus gan-
ciclovir and Ad-IL−12. Moreover, the results mentioned above 
indicate that the powerful “bystander” effects medicated by  
Ad-REIC might overcome several unresolved problems related 
to conventional adenovirus vectors, including the inability to 
infect every cell in the tumor, short-term gene expression, and 
inability of systemic targeted delivery.

More recently, we have reviewed previous fundamental 
studies and summarized the anticancer mechanisms of in situ 
Ad-REIC gene therapy, featuring the characteristic synergis-
tic effects between cancer-selective apoptosis and augmenta-
tion of antitumor immunity.23 Paul Ehrlich’s “Magic Bullet” 
concept based on selective toxicity has inspired many scientists 
to develop innovative therapeutics for more than 100 years.32 
As for selective toxicity, Ad-REIC offered a new, sophisti-
cated way to induce cancer-selective killing according to the 
differences in Ad-REIC-induced unfolded protein responses 
(UPR) between cancer cells and normal cells. Since REIC/
Dkk-3 expression is significantly down regulated in a broad 
range of human cancer cells18–20,33–38 while being expressed 
ubiquitously in normal cells,39 these endogenous expression 
statuses of REIC/Dkkk-3 proteins appear to define the 
sensitivity to Ad-REIC-induced UPR. As a new “Magic 
Bullet” for cancer gene therapy, ER-stress-induced apopto-
sis due to sustained overactivation of UPR was mediated in 
Ad-REIC-infected cancer cells, while ER-stress-induced 

overproduction of IL-7 was mediated in co-infected normal 
cells including cancer-associated fibroblasts.21 In addition to 
the fact that IL-7 excessively produced by Ad-REIC activates 
innate immunity involving NK cells, the secreted REIC pro-
teins with potent immunomodulatory functions augment 
antitumor immunity. As demonstrated in Figure 7, dendritic 
cells, induced by secreted REIC proteins, acquire cancer anti-
gens from apoptotic cancer cells and induce class 1-restricted 
CD8+ cytotoxic T lymphocytes (CTLs).22,23 These CTLs play 
a major role in systemic antitumor immunity of in situ Ad-
REIC as a personalized therapeutic cancer vaccine.

In the current patient, two initial injections of Ad-REIC, 
of as little as 1.2 mL of vector solution, induced almost com-
plete degeneration of the injected metastatic obturator lymph 
node of more than 30 mL in volume. This suggests that, in 
an optimum environment, the direct effects of Ad-REIC are 
strong enough to overcome the inability of the adenovirus to 
infect all targeted cancer cells. Furthermore, similar degenera-
tion developed in distant, noninjected metastatic common and 
external iliac LNs, indicating the induction of robust systemic 
antitumor immunity by in situ Ad-REIC. Although complete 
control of metastatic pelvic LNs was achieved following several 
boosting injections into pelvic LNs, newly developed multiple 
para-aortic LN metastases progressed in spite of the presence 

Ad-REIC
Intratumoral Inj.

Selective killing
of cancer cells

IL-7
Antigen

presentation

Primary Ca

NK
activation

Cancer antigens

REIC
protein

Augmentation
of tumor
immunity

DC
Differentiation

Metastatic Ca

CTL

Figure 7. schematic representation of the mechanism of action of in situ 
ad-ReiC.23 intratumoral injection of ad-ReiC induces massive apoptosis 
of cancer cells and provides an ideal presentation of cancer antigens to 
the host immune system. secreted ReiC protein at the tumor site creates 
an optimum environment, mediating tumor-associated, antigen-specific 
cytotoxic t cells. in addition, overproduction of il-7 by cancer-associated 
fibroblasts activates NK cells.21
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of Ad-REIC-mediated systemic antitumor immunity. For 
this progression, there are two possible interpretations: first, 
heterogenic clones of cancer cells developed with tumor- 
associated antigens significantly different from those of primary 
metastatic cancer cells, and, second, same clones of primary 
metastatic cancer cells developed under a different immuno-
suppressive tumor microenvironment. The latter is supported 
by the recent concept of “cancer immunoediting” and find-
ings related to immunosuppressive networks and checkpoints 
controlling antitumor immunity.40,41 In the treatment of para-
aortic LNs, since each injection showed a remarkable effect 
only on the injected LN, injections into every metastatic LNs 
including re-enlarged LNs were necessary for sufficient con-
trol of metastatic LNs. Probably, the induced systemic effects 
were compromised by an immunosuppressive microenviron-
ment established in each metastatic LN.

Recently, it has been elucidated that blocking immuno-
suppressive networks and immune checkpoints realizes a 
successful immunotherapeutic modality for the treatment 
of cancer.42–45 Therefore, a combination of Ad-REIC with 
inhibition of immune checkpoint and/or suppressor cells will 
offer a more promising strategy for the next generation of can-
cer immunotherapy. It has been reported that the two main 
immune checkpoint pathways involve signaling through cyto-
toxic T-lymphocyte-associated antigen 4 (CTLA-4) or pro-
grammed cell death protein 1 (PD-1). The CTLA-4 pathway 
is more important in the early phase of the immune system 
activation (priming phase), while the PD-1 pathway is more 
important in the tumor microenvironment during the effec-
tor phase.46 A combination of Ad-REIC with PD-1 pathway 
blockade seems to be more appropriate, since Ad-REIC gen-
erates a strong antitumor immunity, as demonstrated in this 
patient. One of the most important findings (from early clini-
cal trials of PD-1 pathway blockade for advance solid cancers) 
reveals that programmed death-ligand 1 (PD-L1) expression 
on tumor cells reflects an immune-active microenvironment 
and is the single factor most closely correlated with response 
to anti-PD-1 blockade.43,47 Therefore, in our future study it is 
crucial to investigate PD-L1 expression status in tumors, before 
and after Ad-REIC as well in metastatic tumors, if recurrence 
occurs. In terms of blocking immunosuppressive networks, 
targeted therapies and cytotoxic agents also modulate immune 
responses.44 Among them, sunitinib, vascular endothelial 
growth factor A (VEGF-A), and low-dose cyclophosphamide 
are possible candidates to combine with Ad-REIC in order to 
improve clinical outcomes in the treatment of CRPC.

Apart from this combination strategy, the second gen-
eration of Ad-REIC using a super gene expression (SGE) 
system (Ad-SGE-REIC) has already been developed in order 
to augment the therapeutic effects of in situ Ad-REIC.48 The 
SGE system is a new plasmid vector, developed by placing 
three enhancers in tandem after poly A to realize extremely 
high expression of the targeted REIC gene.49 A Phase I/IIa 
clinical trial of Ad-SGE-REIC for localized prostate cancer 

is being conducted at two institutions in the United States 
(https://clinicaltrials.gov/). Similarly, a Phase I/IIa clinical 
trial for malignant pleural mesothelioma will be initiated in 
the near future at three institutions in Japan. In addition, 
preclinical studies of Ad-REIC on various intractable solid 
cancers including pancreatic cancer,36 lung cancer,37 and 
malignant glioma38 have been conducted successfully.

conclusion
A 63-year-old man with mCRPC after docetaxel failure was 
successfully treated for two years with in situ Ad-REIC gene 
therapy. Repeated injections of Ad-REIC into metastatic LNs 
showed remarkable safety profiles and induced potent direct 
and indirect antitumor effects, thus paving the way for a new, 
future cancer therapeutic vaccine against a variety of intrac-
table solid cancers.
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