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Oncolytic viral therapy utilizes a tumor-selective replicat-
ing virus which preferentially infects and destroys can-
cer cells and triggers antitumor immunity. The Western 
Reserve strain of vaccinia virus (VV) is the most virulent 
strain of VV in animal models and has been engineered 
for tumor selectivity through two targeted gene dele-
tions (vvDD). We performed the first-in-human phase 
1, intratumoral dose escalation clinical trial of vvDD in 
16 patients with advanced solid tumors. In addition 
to safety, we evaluated signs of vvDD replication and 
spread to distant tumors, pharmacokinetics and phar-
macodynamics, clinical and immune responses to vvDD. 
Dose escalation proceeded without dose-limiting tox-
icities to a maximum feasible dose of 3 × 109 pfu. vvDD 
replication in tumors was reproducible. vvDD genomes 
and/or infectious particles were recovered from injected 
(n = 5 patients) and noninjected (n = 2 patients) tumors. 
At the two highest doses, vvDD genomes were detected 
acutely in blood in all patients while delayed re-emer-
gence of vvDD genomes in blood was detected in two 
patients. Fifteen of 16 patients exhibited late symptoms, 
consistent with ongoing vvDD replication. In summary, 
intratumoral injection of the oncolytic vaccinia vvDD 
was well-tolerated in patients and resulted in selective 
infection of injected and noninjected tumors and anti-
tumor activity.

Received 27 May 2014; accepted 23 September 2014; advance online  
publication 4 November 2014. doi:10.1038/mt.2014.194

INTRODUCTION
Oncolytic viral therapy has been considered a novel approach to 
cancer treatment with preclinical investigations using genetically 
engineered oncolytic viruses being initiated over 23 years ago.1–3 
The concept of using a tumor-selective replicating virus to infect 
and spread throughout the tumor microenvironment, destroying 

cancer cells, and inducing an antitumor immune response in the 
process is appealing, however, the development of this process 
has been fraught with obstacles. Early attempts to use replicat-
ing adenovirus in patients largely failed due to the inefficiency 
of replication and poor systemic virus spread. Subsequent efforts 
with more efficient viral backbones have also failed to demon-
strate significant clinical benefits.4 Clinical trials with ONYX-
015, an E1B-55kD gene-deleted replication selective adenovirus, 
however, have provided the “proof of principle” that cancer cells 
can be infected, and that viral replication and spread to tumors 
occurs in human beings.5 The most successful oncolytic virus to 
date, talimogene laherparepvec (T-Vec), an oncolytic granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) producing 
herpes virus, was recently shown in a randomized phase 3 clinical 
trial to have a better durable response rate and a trend toward bet-
ter overall survival compared to GM-CSF for unresectable mela-
noma.6 There have also been encouraging results with the use of 
replicating vaccinia virus (VV) (New York City Board of Health 
Strain) expressing GM-CSF in patients with hepatocellular carci-
noma where intralesional Pexa-Vec therapy (Sillajen) resulted in a 
15% response rate (mRECIST) and prolongation of survival when 
high dose was compared to low-dose treatment.7–9

VV has many potential advantages over other oncolytic 
viral backbones. VV is a remarkably efficient, cytoplasmic virus, 
with DNA synthesis beginning within 2 hours of infection, viral 
assembly beginning 6 hours after infection10 and 100–200 pfu 
(2,500–5,000 particles) produced per cell within 20–40 hours.11 
VV spreads efficiently using a method of direct cell to cell spread 
where the virus remains attached to the cell membrane, coated 
with an extracellular envelope derived from the host cell plasma 
membrane, thereby avoiding immune recognition; but VV par-
ticles can also be released from the cell surface to spread systemi-
cally, still protected by an outer host cell derived membrane which 
can evade immune clearance.12–14 VV will infect and replicate 
in all tumor cells with relatively small variability and a 1.0E2 to 
1.0E6-fold improved cytotoxic effect compared to the replicating 
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adenovirus ONYX-015 in NCI 60 cancer cell line panel, suggest-
ing that VV may be effective against all solid tumors.15 VV deliv-
ered systemically in a tumor-bearing host, targets the tumor via 
leaky vasculature and selectively replicates in tumor cells leading 
to an antitumor response.16,17 Indeed, IV delivery of VV to meta-
static tumors has been demonstrated clinically.8 Specific strains 
of VV have different properties, and the Western Reserve (WR) 
strain of VV has been demonstrated to be more virulent in animal 
models, but it has never before been administered to humans.15,18

We have taken the approach of starting with the most virulent, 
efficient WR strain of VV and engineering genetic mutations for 
tumor selectivity, such that replication within the tumor will be 
rapid and potent, while normal cells will be spared and pathoge-
nicity to patients will be minimal. We found that the best tumor 
selective mutation was the combination of deletional mutations of 
viral genes encoding vaccinia growth factor (VGF) and thymidine 
kinase (TK).17 The VGF and TK proteins are essential for viral rep-
lication in normal cells, but in tumor cells are compensated for by 
upregulation of growth factors and nucleotides as part of neoplas-
tic transformation.15 The deletions of the viral genes lead to selec-
tive targeting of cancer cells with activation of the transcription 
factor E2F and the EGFR/Ras pathway, common features of many 
cancer cells.15,19

Preclinical rodent studies demonstrated the safety of the 
double deleted (VGF/TK) mutant (vvDD) with very low levels 
of viral recovery compared to wild type VV in organs harvested 
in nude mice and nearly no viral recovery in organs harvested 
from immunocompetent mice.17 We also confirmed the safety 
of vvDD in nonhuman primates. When compared to wild-type 

WR strain vaccinia, intradermal injection, intravenous infection, 
and isolated limb perfusion of vvDD in rhesus macaques caused 
no clinical signs or symptoms of viremia, no viral recovery from 
serum saliva, urine, or feces, and no long-term toxicity.18 We also 
confirmed the antitumor potency of vvDD as a systemic injection 
in rodents bearing subcutaneous MC38 colon adenocarcinoma 
with significant antitumor effects in all animals, and one com-
plete response to vvDD therapy.17 The TK or TK/VGF deleted WR 
strain VV were also demonstrated to be effective antitumor ther-
apy in additional models of carcinoma including rodent studies of 
both human and murine ovarian carcinomatosis, in a solid tumor 
model (when combined with hyperthermia), and in a model of 
murine liver metastases.20–22

Given its excellent safety profile in nonhuman primates and 
its impressive effects in preclinical in vitro and rodent models, it 
was important to define vvDD safety, ability to spread selectively 
and antitumor activity in cancer patients. We report here a phase 
1 study of first-in-human WR strain VV mutant vvDD (JX-929) 
as a direct injection into tumors. This phase 1 study had classic 
toxicity endpoints, but we also examined vvDD pharmacokinet-
ics and pharmacodynamics, systemic vvDD spread to noninjected 
tumors, antitumor activity, and antitumor immune responses.

RESULTS
Treatment and safety
Patient population. A total of 17 patients were treated with 
intratumoral injections of vvDD. Patient characteristics are de-
scribed in Table 1. Twenty-one patients were screened and 16 
patients were treated on the phase 1 protocol. A 17th male patient 

Table 1 Baseline characteristics

Patient ID
Tumor  
type Age Gender

Prior lines 
of systemic 

therapy Baseline NAb
Dose  
(pfu)

Longest diameter of 
injected lesions (cm)

Location of 
injected lesions

2 Breast 52 Female 7 Not done 3E+07 1\1\1 Chest wall

3 Breast 55 Female 4 Yes 3E+07 1.5\1\2 Chest wall

4 Pancreas 52 Female 2 Yes 3E+07 6.2\4.2 Liver

5 Breast 62 Female 3 Yes 1E+08 0.7\0.5\0.5 Chest wall

7 Colon 69 Female 4 Not done 3E+07 2.7 Liver

8 Colon 59 Male 5 Yes 1E+08 2.2 Omentum

9 Colon 47 Female 3 Yes 1E+08 8.8 Liver

10 Breast 52 Female 3 Yes 3E+08 8 Liver

11 Colon 45 Male 3 Yes 3E+08 2.4 Abdominal wall

14 Pancreas 60 Male 2 Yes 3E+08 2.8\2.3 Liver

15 Colon-cecum 49 Male 3 Yes 1E+09 5.3 Liver

16 Colon 45 Female 5 Yes 1E+09 1.5\0.5 Right flank and 
lower abdomen

17 Colon-sigmoid 58 Female 4 Yes 1E+09 2.6 Liver

18 Colon-ascending 55 Female 5 Yes 3E+09 4.9 Omentum

19 Colon 60 Female 3 Not done 3E+09 6 Abdominal wall

20 Colon 42 Female 3 Not done 3E+09 4.7 Omentum

*CU Melanoma 77 Male 2 Not done 3E+09 x2 2.5\0.5 Left arm

*Compassionate use patient: This patient was treated as a compassionate exemption due to steroid therapy for arthritis which resulted in exclusion from the clinical 
trial.
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was treated as a compassionate exemption due to steroid therapy 
for arthritis. This patient is not included in the analysis and results 
related to this patient are presented separately. Four male and 
12 females were treated with a median age of 53.6 years. Tumor 
histology included: 10 colorectal cancer, 4 breast cancer, and 2 
pancreas cancer. All patients had advanced bulky tumors that 
progressed through standard systemic chemotherapy with 100% 
having prior surgery and a median of 3 systemic chemotherapy 
regimens. Patients had an ECOG performance status of 0 or 1. 
Fifteen of the 16 had known prior exposure to VV due to vaccinia 
vaccination, and baseline neutralizing antibodies to vaccinia were 
detected in serum from all evaluated patients (12 of 17).

Treatment characteristics. Patients were treated in one of five 
dose cohorts and received intratumoral injections of vvDD at dos-
es ranging from 3 × 107 pfu to 3 × 109 pfu (Table 1). Three patients 
received injections into superficial, visible, cutaneous tumors and 
disease was monitored with photographs (patient #2, 3, and 5), 
while all other patients received ultrasound guided injections into 
deep lesions and disease was assessed by CT scans. Up to three 
sites could be injected per patient, dividing the total dose accord-
ingly, but 59% of patients (n = 10) had only a single site injected. 
Four individual, equally spaced needle tracts could be used per 
lesion. vvDD-CDSR was suspended in 0.9% of phosphate-buff-
ered saline in a volume equivalent to 25% of the estimated tumor 
volume. A standard 21 gauge needle was used for vvDD injection 
in six patients, whereas the multipronged Quadrafuse needle was 
used in 11 patients with larger lesions. The size of injected lesions 
ranged from 0.5 to 8.8 cm in longest diameter (median 2.4 cm) 
(Table 1). The most common site of injection was liver metasta-
ses in nine patients and superficial skin or palpable subcutaneous 
lesions in five patients.

Safety. Dose escalation proceeded without dose-limiting toxici-
ties. Therefore, 3 × 109 pfu was considered the maximum feasible 
dose, given the achievable vvDD concentration with current pu-
rification methods. One treatment-related serious adverse event 
(SAE) was reported on study. Seven non-treatment-related SAEs 
were reported. SAEs were not dose-related (Table 2).

The only severe adverse event possibly related to vvDD 
included one patient with grade 3 pain (breast cancer patient #3, 
3 × 107 pfu dose). Patient #3 had pain in a rib requiring hospital 
admission 7 days after injection of cutaneous breast cancer metas-
tases, with no radiologic evidence of pulmonary problems (pneu-
monia, pneumonitis, embolism, effusion) and no evidence on 
plain film or CT scan of tumor or infection in the rib. The timing 
of the pain correlated with the peak inflammatory response and 
clearing of the replicating vvDD in preclinical animal studies. The 
patient was treated with narcotic pain medication and the pain 
resolved in 48 hours.

SAEs deemed unrelated to vvDD by an independent safety 
review board, included one patient (pancreatic cancer patient #4; 
3 × 107 pfu) with an upper gastrointestinal bleed from an ulcer-
ated pancreatic cancer metastasis in the stomach 21 days after 
vvDD injection (noninjected lesion). To evaluate gastrointestinal 
bleeding, this patient underwent upper endoscopy and tissue was 
sent for both PCR and plaque assay, neither of which revealed 

the presence of vvDD. This patient also experienced dehydration, 
pneumonia, and lower extremity edema classified as SAEs. This 
patient went on to die of disease progression 36 days after vvDD 
injection and postmortem examination failed to reveal any resid-
ual vvDD in any tissues by plaque forming assays or quantitative 
polymerase chain reaction (qPCR). Other unrelated Grade 3 or 4 
adverse events included pancreatitis, abdominal pain, ascites and 
elevated aspartate aminotransferase all related to progression of 
disease outside the injected lesion.

Adverse events are summarized by grade and dose level in 
Table 2. At doses of 3 × 108 pfu and higher, all patients except one 
experienced fever and/or chills within 24 hours of injection. No 
hypotension occurred. Notable Grade 1 or 2 side effects related to 
treatment included in one patient a glove/stocking distribution of 
a macular, erythematous rash 15 days after vvDD injection into 
cutaneous breast cancer metastases. The rash was self-limiting, 
and a biopsy revealed nonspecific vasculitis with no vvDD anti-
gens by immunohistochemistry (using a polyclonal antivaccinia 
antibody). Tissue was not obtained for DNA analysis.

Delayed systemic symptoms. Fifteen of 17 patients had late 
symptoms (day 5 to 15) consistent with the body’s inflammatory 
response to the virus (Table 3). In most cases, the patients felt 
well for many days, then developed fever, malaise and/or pain 
consistent with the expected peak in vvDD replication and the 
immune response against vvDD. In nonhuman primate studies 
as well as murine studies, we found vvDD recovery peaked at day 
4, then was cleared by the immune system by day 8. This course 
is typical for patients receiving live vaccinia skin scarification for 
vaccinia vaccination. Patients’ symptoms in this trial correlated 
with a similar timeline.

The detection of viral replication in blood by qPCR is a spe-
cific, but not sensitive marker for the presence in viral genomes 
in blood, in part due to the short half-life (~70 minutes) of vac-
cinia virus.8 Additionally, qPCR testing for viral genomes was per-
formed at predetermined time points, and not necessarily when 
patients reported specific side effects, such as fever. In patient #18, 
viral genomes were detected at day 3 and day 5 with symptoms of 
fever and malaise occurring days 1–8 and pain over the injection 
site beginning on day 5. However, in other patients, the detection 
of viral genomes did not correlate contemporaneously with a rise 
in viral genomes however given vaccinia virus’s short half-life in 
the blood and predetermined time points for testing, it is possible 
that some late symptoms may represent ongoing viral replication.

Laboratory findings. Laboratory analysis revealed no grade 3 or 
4 toxicities related to treatment. Mild liver function test abnormali-
ties were common, however many patients presented with a mild 
increase in transaminase values prior to vvDD administration. Ten 
patients had a mild elevation in aspartate aminotransferase after 
vvDD injection, but it did not correspond with a consistent pattern 
related to the time from vvDD administration. Of these 10 patients, 
aspartate aminotransferase levels in 5 returned to below baseline by 
last follow-up. The remaining 5 patients had persistent mild eleva-
tion in aspartate aminotransferase above their own baseline (maxi-
mum 160 IU/l above baseline). Eleven patients demonstrated eleva-
tion in alkaline phosphatase (ALP) with a trend toward increasing 
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Table 2 (Continued)

Table 2 Adverse events

Adverse event

Dose cohort 3E+07 (n = 4) Dose cohort 1E+08 (n = 3) Dose cohort 3E+08 (n = 3)

Grade ½ Grade 3 Grade 4 Grade 1/2 Grade 3 Grade 4 Grade 1/2 Grade 3 Grade 4

Fever 2 (50%) 0 0 0 0 0 2 (66.7%) 0 0

Chills 0 0 0 0 0 0 1 (33.3%) 0 0

Fatigue 1 (25%) 0 0 2 (66.7%) 0 0 2 (66.7%) 0 0

Sweats 0 0 0 0 0 0 3 (100%) 0 0

Nausea 2 (50%) 0 0 1 (33.3%) 0 0 1 (33.3%) 0 0

Vomiting 1 (25%) 0 0 0 0 0 1 (33.3%) 0 0

Headache 0 0 0 1 (33.3%) 0 0 0 0 0

Anorexia 1 (25%) 0 0 0 0 0 3 (100%) 0 0

Weight loss 0 0 0 1 (33.3%) 0 0 0 0 0

Dehydration 0 1 (25%) 0 0 0 0 0 0 0

Myalgia 0 0 0 0 0 0 0 0 0

Arthralgia 0 0 0 1 (33.3%) 0 0 0 0 0

Chest wall pain 1 (25%) 1 (25%) 0 0 0 0 0 0 0

Back pain 0 0 0 0 0 0 1 (33.3%) 0 0

Injection site pain 1 (25%) 0 0 0 0 0 0 0 0

Hematoma 0 0 0 0 0 0 1 (33.3%) 0 0

Rash 2 (50%) 0 0 0 0 0 0 0 0

Pruritis 2 (50%) 0 0 0 0 0 0 0 0

Cognitive disturbance 0 0 0 0 0 0 0 0 0

Diarrhea 2 (50%) 0 0 0 0 0 0 0 0

Constipation 1 (25%) 0 0 1 (33.3%) 0 0 1 (33.3%) 0 0

Abdominal pain 1 (25%) 0 0 0 0 0 2 (66.7%) 1 (33.3%) 0

Abdominal distension 0 0 0 0 0 0 1 (33.3%) 0 0

Pelvic pain 0 0 0 0 0 0 0 0 0

Heartburn/dyspepsia 0 0 0 0 0 0 2 (66.7%) 0 0

Dysguesia 0 0 0 0 0 0 0 0 0

Gastrointestinal 
hemorrhage

0 1 (25%) 0 0 0 0 0 0 0

Ascites 1 (25%) 0 0 0 0 0 0 1 (33.3%) 0

Pancreatitis 0 0 0 0 0 0 0 0 0

Lower extremity edema 0 1 (25%) 0 0 0 0 0 0 0

Dyspnea 1 (25%) 0 0 0 0 0 0 0 0

Pneumonia 0 0 1 (25%) 0 0 0 0 0 0

Upper respiratory 
symptoms

0 0 0 0 0 0 0 0 0

Urinary tract infection 0 0 0 0 0 0 1 (33.3%) 0 0

Urinary retention 0 0 0 0 0 0 1 (33.3%) 0 0

Flank pain 0 0 0 0 0 0 0 0 0

Hyperbilirubinemia 0 0 0 0 0 0 1 (33.3%) 0 0

Elevated LFTs 0 0 0 0 0 0 2 (66.7%) 0 0

Leukopenia 0 0 0 0 0 0 0 0 0

Abnormal PTT 0 0 0 0 0 0 1 (33.3%) 0 0

Abnormal INR 0 0 0 0 0 0 1 (33.3%) 0 0

Thromobocytopenia 0 0 0 0 0 0 1 (33.3%) 0 0

Hypokalemia 0 0 0 0 0 0 0 0 0

Hyperglycemia 0 0 0 0 0 0 0 0 0

Hypermagnesemia 0 0 0 0 0 0 0 0 0

Hypomagnesemia 0 0 0 0 0 0 0 0 0
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Table 2 Continued

Adverse event

Dose cohort 1E+09 (n = 3) Dose cohort 3E+09 (n = 3) Total (n = 16)

Grade 1/2 Grade 3 Grade 4 Grade 1/2 Grade 3 Grade 4 Grade 1/2 Grade 3 Grade 4

Fever 3 (100%) 0 0 3 (100%) 0 0 10 (62.5%) 0 0

Chills 2 (66.7%) 0 0 3 (100%) 0 0 6 (37.5%) 0 0

Fatigue 1 (33.3%) 0 0 1 (33.3%) 0 0 7 (43.8%) 0 0

Sweats 0 0 0 1 (33.3%) 0 0 4 (25%) 0 0

Nausea 1 (33.3%) 0 0 1 (33.3%) 0 0 6 (37.5%) 0 0

Vomiting 0 0 0 0 0 0 2 (12.5%) 0 0

Headache 0 0 0 2 (66.7%) 0 0 3 (18.8%) 0 0

Anorexia 0 0 0 0 0 0 4 (25%) 0 0

Weight loss 0 0 0 0 0 0 1 (6.3%) 0 0

Dehydration 0 0 0 0 0 0 0 1 (6.3%) 0

Myalgia 0 0 0 1 (33.3%) 0 0 1 (6.3%) 0 0

Arthralgia 0 0 0 0 0 0 1 (6.3%) 0 0

Chest wall pain 0 0 0 0 0 0 1 (6.3%) 1 (6.3%) 0

Back pain 0 0 0 0 0 0 1 (6.3%) 0 0

Injection site pain 0 0 0 0 0 0 1 (6.3%) 0 0

Hematoma 0 0 0 0 0 0 1 (6.3%) 0 0

Rash 1 (33.3%) 0 0 3 (100%) 0 0 6 (37.5%) 0 0

Pruritis 0 0 0 0 0 0 2 (12.5%) 0 0

Cognitive disturbance 1 (33.3%) 0 0 0 0 0 1 (6.3%) 0 0

Diarrhea 0 0 0 0 0 0 2 (12.5%) 0 0

Constipation 0 0 0 0 0 0 3 (18.8%) 0 0

Abdominal pain 2 (66.7%) 0 0 3 (100%) 0 0 8 (50%) 1 (6.3%) 0

Abdominal distension 0 0 0 0 0 0 1 (6.3%) 0 0

Pelvic pain 0 0 0 1 (33.3%) 0 0 1 (6.3%) 0 0

Heartburn/dyspepsia 1 (33.3%) 0 0 0 0 0 3 (18.8%) 0 0

Dysguesia 0 0 0 1 (33.3%) 0 0 1 (6.3%) 0 0

Gastrointestinal 
hemorrhage

0 0 0 0 0 0 0 1 (6.3%) 0

Ascites 0 0 0 0 0 0 1 (6.3%) 1 (6.3%) 0

Pancreatitis 0 0 0 0 1 (33.3%) 0 0 1 (6.3%) 0

Lower extremity edema 0 0 0 0 0 0 0 1 (6.3%) 0

Dyspnea 0 0 0 2 (66.7) 0 0 3 (18.8%) 0 0

Pneumonia 0 0 0 0 0 0 0 0 1 (6.3%)

Upper respiratory 
symptoms

1 (33.3%) 0 0 1 (33.3%) 0 0 2 (12.5%) 0 0

Urinary tract infection 0 0 0 0 0 0 1 (6.3%) 0 0

Urinary retention 0 0 0 0 0 0 1 (6.3%) 0 0

Flank pain 1 (33.3%) 0 0 0 0 0 1 (6.3%) 0 0

Hyperbilirubinemia 0 0 0 1 (33.3%) 0 0 2 (12.5%) 0 0

Elevated LFTs 1 (33.3%) 1 (33.3%) 0 3 (100%) 0 0 6 (37.5%) 1 (6.3%) 0

Leukopenia 1 (33.3%) 0 0 0 0 0 1 (6.3%) 0 0

Abnormal PTT 0 0 0 0 0 0 1 (6.3%) 0 0

Abnormal INR 0 0 0 0 0 0 1 (6.3%) 0 0

Thromobocytopenia 1 (33.3%) 0 0 0 0 0 2 (12.5%) 0 0

Hypokalemia 1 (33.3%) 0 0 0 0 0 1 (6.3%) 0 0

Hyperglycemia 2 (66.7%) 0 0 1 (33.3%) 0 0 3 (18.8%) 0 0

Hypermagnesemia 0 0 0 1 (33.3%) 0 0 1 (6.3%) 0 0

Hypomagnesemia 1 (33.3%) 0 0 0 0 0 1 (6.3%) 0 0

INR, international normalized ratio; LFT, liver function test; PTT, partial thromboplastin time.
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elevation as time from treatment progressed with a median peak 
value at day 28 post-treatment (Figure 1a). Of the 11 patients who 
demonstrated an elevated ALP above their baseline measurement, 
4 eventually returned to below baseline by day 22. The ALP in the 
remaining 6 patients remained elevated above their own baseline at 
the time of last follow-up. Nine of the 11 patients with elevated ALP 
underwent vvDD administration into intrahepatic lesions. Four 
patients experienced an elevated total bilirubin with no evidence of 
baseline hyperbilirubinemia, each at single time points with rapid 
resolution. The highest total bilirubin noted was 4.1 mg/dl (normal 
high 1.3 mg/dl). Two patients demonstrated leukopenia at a single 
time point, but there were no instances of neutropenia. Most pa-
tients (14) experienced a relative lymphopenia compared to baseline 
with a median nadir at day 3 after vvDD administration. Nearly all 
patients (11) recovered their lymphocyte count to above baseline at a 
median of 8 days after initial treatment with vvDD (Figure 1b). The 
remaining three patients were not lymphopenic at last follow-up 
but did not recover their lymphocyte count to above their baseline 
measurement. Thirteen patients had an elevation in lactate dehydro-
genase (LDH). In seven of these patients, a high LDH was present 
at baseline, however in all but one, LDH further increased after VV 

administration. In all patients, there was a trend toward increasing 
LDH compared to baseline with a median peak value at day 22 after 
VV administration (Figure 1c). LDH is known to be released by on-
colytic virus infected and dying tumor cells, so it may indicate tumor 
necrosis.23 LDH returned to below baseline levels in three patients 
within 4 weeks, but high LDH did not correlate with the recovery of 
viral DNA or viral particles from noninjected tumors.

Pharmacokinetic and pharmacodynamic endpoints
Acute pharmacokinetics. For pharmacokinetic (PK) analyses, 
qPCR was used to measure the vvDD genome concentration in 
serum 15 minutes, 30 minutes and 4 hours after injection. vvDD 
injections into tumors resulted in vvDD diffusion into the blood 
acutely, thus resulting in systemic distribution. vvDD DNA was 
more likely to be recovered in the serum within hours of injec-
tion at higher doses: 0/4 of patients at the 3 × 107 pfu dose, 1/3 of 
patients at the 1 × 108 pfu dose, 2/3 of patients at 3 × 108 pfu dose, 
and all patients at 1 × 109 pfu, and 3 × 109 pfu doses (Figure 1d; 
Table 3).

Maximum genome concentrations were observed 15 min-
utes postinjection (Figure 1d) and peak genome concentrations 

Table 3 Reproducible evidence of tumor selective vvDD infection, replication, and systemic spread

Patient 
ID

Dose 
(pfu)

Early vvDD 
DNA blood 

by qPCR

Late vvDD 
DNA blood 

by qPCR Acute fevers Delayed symptoms

Biopsy: pfu 
injected 

lesion day 8

Biopsy: vvDD 
DNA from 
injected 

lesion day 8

Biopsy: pfu 
noninjected 
lesion day 8

2 3E+07 NEG NEG No Nausea/diarrhea D12; rash 
D15

NEG NEG NEG

3 3E+07 NEG NEG No Rib pain D7; fever D7; rash 
D8

NEG POS NEG

4 3E+07 NEG NEG No Fever D6-8 NEG No biopsy NEG

7a 3E+07 NEG NEG No None No biopsy No biopsy No biopsy

5 1E+08 NEG NEG No Fatigue D8-11 5.10E+03 POS 9.60E+03

8 1E+08 NEG NEG No Arthralgia, headache D8 No biopsy No biopsy No biopsy

9 1E+08 POS POS No Nausea, weight loss, fatigue 
D15

No biopsy No biopsy No biopsy

10 3E+08 POS NEG Yes (fever, chills, 
fatigue)

Fever D8 No biopsy No biopsy No biopsy

11 3E+08 NEG NEG No Sweats D5-8; pain at 
injection site D15

No biopsy No biopsy No biopsy

14 3E+08 POS NEG Yes (fever) Nausea D5 No biopsy No biopsy No biopsy

15 1E+09 POS NEG Yes (fever, chills) Fatigue/nausea D14 No biopsy No biopsy No biopsy

16 1E+09 POS NEG Yes (fever) Erythema/pain at injection 
site D8

4.4E+04/ 
3.7E+05

POS 1.50E+02

17 1E+09 POS NEG Yes (fever, chills) Mild abdominal pain D2-8 No biopsy No biopsy No biopsy

18 3E+09 POS POS Yes (chills, fever, 
headache)

Fever/malaise D1-8; mild 
abdominal pain over liver 
D5-15

No biopsy No biopsy No biopsy

19 3E+09 POS NEG Yes (fever, chills) Pain/erythema over injected 
mass D7-15

1.50E+03 No biopsy NEG

20 3E+09 POS NEG Yes (fever, chills) Mild abdominal pain over 
liver D5

No biopsy No biopsy No biopsy

bCU 3E+09 × 2 Not done Not done No None 1.20E+04 POS NEG
aThis patient did not receive prior vaccinia vaccination and was assigned to the low-dose cohort. bCompassionate use patient: This patient was treated as a compas-
sionate exemption due to steroid therapy for arthritis which resulted in exclusion from the clinical trial.
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were dose-related. Concentrations decreased about 65% within 15 
minutes.

Neutralizing Ab kinetics over time. Baseline anti-VV anti-
bodies were detectable in all evaluable patients (five patients 
had insufficient samples) (Table 1), and a marked induction of 
anti-VV antibodies (neutralizing Ab) was detected in all patients 
evaluated in response to vvDD treatment, as analyzed by enzyme-
linked immunosorbent assay (Figure 1e), and by neutralization 
assays (data not shown). The antibody concentration was greatly 
induced at 22 days after vvDD administration. The difference of 
1.0 OD value represents the difference of at least 50-fold antibody 
induction. When averaged by dose cohort, there was between a 
2.4 and 2.8 increase in OD value when anti-VV antibodies were 
measured at day 22 compared to baseline. Therefore, as expect-
ed, vvDD administration resulted in an induction of anti-VV 
antibodies.

vvDD shedding and recovery. Shedding was analyzed by qPCR 
and plaque assay (measuring infectious particles) from the urine 
and saliva on days 1, 3, 8, 15, and 22 following vvDD injection at 
all doses. No vvDD DNA or infectious particles were detected in 
urine or saliva at any time point.

Evidence for vvDD replication
Visible signs of replication. All patients with superficial cuta-
neous lesions receiving vvDD injection demonstrated classic 

vaccinia necrosum (Figure 2a,b) consistent with vvDD replica-
tion as described previously with vaccinia vaccination in the set-
ting of immune compromised host,24 and in nonhuman primate 
studies.18

vvDD recovery from blood and biopsy samples. After initial 
systemic vvDD exposure postinjection, delayed re-emergence 
of vvDD genomes was detected in two patients. vvDD re-emer-
gence in blood is consistent with replication at the tumor site 
and leakage of newly produced virus into the systemic circula-
tion. vvDD DNA was detected in blood in two patients on day 5 
following injection (1 × 108 and 3 × 109 pfu dose levels) (Table 3). 
Superficial tumors were biopsied in seven cases (patient’s deci-
sion) on day 8, and replicating vvDD (by plaque assay measuring 
infectious particles) was recovered in all cases except the three 
patients at the lowest dose level (Table 3). When evaluated by 
qPCR, vvDD genomes were recovered in four out of five evaluat-
ed samples in injected lesions on day 8 post-treatment (Table 3). 
The patient without detectable vvDD by qPCR was treated at the 
lowest dose level.

vvDD spread to noninjected tumors. Patients #3 and #5 had su-
perficial breast cancer metastases injected with 3 × 107 pfu vvDD 
and developed classic vaccinia necrosum lesions encompassing 
the injected tumors (Figure 2a,b). In patient #3, a pustule formed 
at the site of a tumor nodule 12 cm away from the injected lesion 
on day 8 (Figure 2b). Replicating vvDD was recovered by plaque 

Figure 1  Toxicity of vvDD administration and acute pharmacokinetics. Blood samples were collected at various time points before and after 
virus administration. The enzyme activities in the serum and lymphocyte numbers in peripheral blood mononuclear cells were quantified. (a) Peak 
alkaline phosphatase levels (IU/l) relative to the baseline values before virus administration. (b) Median absolute lymphocyte count over time. (c) 
Lactate dehydrogenase peak levels (IU/l) relative to the baseline. (d) Recovery of serum vvDD DNA by qPCR at 15 minutes, 30 minutes, and 4 hours 
postinjection. The level of detection was 666 copies/ml and the level of quantification was 3333 copies/ml. At the 30-minute time point, viral DNA 
was detectable in patients treated at dose levels of 1.00E+08 and 3.00E+08 but below the level of quantification (at least 666 copies/ml but less 
than 3,333 copies/ml). This was also true at the 4-hour time point for patients treated at the two highest dose levels (1.00E+09 and 3.00E+09). The 
values displayed graphically represent serum vvDD DNA in copies/ml only in cases in which the detected level was greater than 3,333 copies/ml (the 
level of quantification). (e) Antibody response to viral administration demonstrating baseline and day 22 post-vvDD administration levels of anti-VV 
antibodies as measured by enzyme-linked immunosorbent assay in 12 of 17 patients. A 1.0 OD value represents a >50-fold induction of antibody.
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assay from both the injected lesion and the noninjected lesion 
12 cm away on the skin (Figure 2b). One colorectal cancer patient 
(patient #6) at the 1 × 109 pfu dose level had replicating vvDD by 
plaque assay recovered from two injected lesions and one non-
injected lesion on day 8. This patient had a left lower quadrant 
abdominal wall mass and a right subcutaneous flank mass inject-
ed, but developed an inflamed right axillary lymph node (which 
was positive on biopsy for tumor) and an inflamed nodule on the 
right shoulder (Figure 2c). Replicating vvDD was recovered from 
both of the injected lesions and the right shoulder on day 8. This 
was evidence of systemic vvDD spread and secondary infection 
of new tumors.

Antitumor activity
Antitumor effects were seen in two of three patients (the nonre-
sponder was treated at the lowest dose level) following injection of 
cutaneous lesions, including two patients with metastatic breast 
cancer to the skin. The lesions typically became erythematous by 
day 2, ulcerated by day 8, and scabbed over by day 28 (Figure 
2a,b)—all consistent with the expected replicating virus effect and 
reminiscent of the evolution of live vaccinia vaccination lesions 
from Dryvax. One patient with an omental mass from metastatic 
colon cancer injected with 1 × 108 pfu vvDD, demonstrated an 
inflamed, necrotic response by CT scan on day 30 (Figure 2d).

In patient #3, two small nodules of breast cancer metastases 
were noted a distance of greater than 10 cm from the injected 

tumor, and both became pustular by day 8 after injection. One was 
excised as discussed above, demonstrating replicating vvDD, and 
the other was observed and resolved by 14 days post-treatment, 
representing effective treatment of a distant lesion by replicat-
ing vvDD having spread from the injected lesion (Figure 2b). 
Unfortunately, numerous other tumor nodules in the same patient 
did not become infected or respond.

Most patients were not evaluable by RECIST criteria, a more 
traditional measure of response, because all of their tumors were 
not measured over time.

Tumor specificity
There was no evidence for vvDD replication in normal tissues. 
When infection could be observed on cutaneous tumors, vvDD 
led to ulceration and necrosis of the tumor only, and at no time 
was normal tissue affected, demonstrating the remarkable vvDD 
selectivity for tumor tissue.

Evidence for immune cell activation
We analyzed peripheral blood mononuclear cells (PBMCs) col-
lected at multiple time points by Phosflow analysis, which mea-
sures immune cell stimulation by monitoring phosphorylation of 
enzymes involved in proliferative signaling pathways. pERK, pS6, 
and Ki67 were upregulated in CD4 and CD8 T cells after vvDD 
treatment. Comparing the two highest dose levels, there exists a 
dose response, where the 3 × 109 pfu dose leads to increased pERK, 

Figure 2 Tumor selective infection, systemic spread, and clinical activity of vvDD in patients. (a) Evolution of response in patient #5 with breast 
cancer metastatic to the skin. vvDD replication leads to an ulcerated region encompassing only the tumor, which is resolving and scabbed over by 
day 28. (b) Another example of antitumor activity in patient #3 with breast cancer metastases to skin. A noninjected lesion 12 cm from the injected 
lesion became pustular and virus was recovered by plaque assay(*) on day 8. A similar lesion became pustular and resolved by day 28. (c) Patient #16 
with metastatic colon cancer to the subcutaneous tissue and skin demonstrates significant erythema on day 8 at the two injected sites, consistent with 
active vvDD replication, and vvDD was recovered from the biopsy by plaque assay(*). A noninjected cutaneous lesion on the shoulder also became 
pustular and vvDD was recovered(*) on day 8. (D) In patient # 8, an omental mass of metastatic colon cancer was injected and a CT scan at day 30 
revealed a markedly necrotic tumor and surrounding inflammation.

a

b

c

d

Molecular Therapy  vol. 23 no. 1 jan. 2015� 209



© The American Society of Gene & Cell Therapy
First-in-man Western Reserve Oncolytic Vaccinia

PS6, and Ki67 in CD4 and CD8 cells compared to the 1 × 109 pfu 
dose (Figure 3a). Finally, serum was assayed for 13 chemokines 
and cytokines pre- and post-vvDD injection using a Luminex 
platform, and no significant patterns were observed.

Compassionate use patient: clinical response, tumor 
specificity, and evidence of immune cell activation
Patient # 21, with metastatic melanoma received a clinical ben-
efit from vvDD injection. The patient had a 19 × 11 cm tumor on 
the left arm causing significant dysfunction of the extremity and 
it was deemed unresectable without an amputation. An adjacent 
2.5 cm tumor and 0.5 cm tumor on the left arm were both injected 
with 1.5 × 109 pfu vvDD and complete resolution of those tumors 
occurred (Figure 4a). The large noninjected tumor on the same arm 
had a significant reduction in size as well. Six weeks after the initial 
injection, a second injection of vvDD was performed into this large 
lesion (previously uninjected), and the lesion continued to shrink 
(Figure 4b). Finally, the tumor was able to be surgically resected 
with negative margins, and covered with a skin graft. Treatment 
results in this patient verified tumor specificity of vvDD as even a 
1mm strip of skin between two responding lesions was spared in 
the patient with melanoma injected with 3 × 109 pfu (Figure 4a). 
The patient had unresectable lung metastases that did not respond 
and he succumbed to metastatic disease 11.3 months after treat-
ment. We examined the tumor biopsies for infiltrating immune cell 

markers, cytokines, and chemokines by qPCR. While small biopsy 
samples limited these results overall, we were able to compare an 
injected and two noninjected lesions in this patient. The results 
by real-time PCR revealed elevations of proinflammatory chemo-
kines (type-1 chemokines; known attractants for CTLs, NK, and 
Th1 cells) such as CCL5, CXCL9, CXCL10 and evidence of CD4 
and CD8 T cell and NK cell infiltration in the vvDD-injected lesion 
(Figure 3b). In contrast, the Treg-attracting chemokine CCL22 was 
not elevated. At the time of resection (~3 months after the first vac-
cinia injection), pathologic examination revealed karyorrhectic as 
well as coagulative necrosis and fibrosis, consistent with regression 
(Figure 4c). No significant active immune response was identified, 
as the lymphocytic infiltrate was sparse. The specimen was not col-
lected appropriately for detection of vaccinia viral DNA.

DISCUSSION
This is a report of the first-in-human trial of vvDD, a WR onco-
lytic vaccinia virus with a combination of deletional mutations of 
genes encoding VGF and TK. This also represents the first clini-
cal evaluation of an oncolytic VV not expressing GM-CSF. vvDD 
was administered by local injection into tumors to assess its direct 
oncolytic activity at the site of injection and to study the ability of 
vvDD to spread to noninjected tumors throughout the body in the 
setting of preformed antiviral immunity. vvDD was well-tolerated. 
No dose-limiting toxicities were observed, and an maximum fea-
sible dose of 3 × 109 pfu was defined. Furthermore, we did not find 
any evidence of vvDD replication in normal tissue (based on the 
lack of observed toxicities and lack of infection of normal skin). 
We also did not find any evidence of vvDD shedding in saliva or 
urine at multiple time points after injection, suggesting that vvDD 
is not easily spread to human contacts. We had concern that tox-
icity might be more significant in patients who had not received 
prior vaccinia vaccination. In this study only one patient had not 
been vaccinated, and at the lowest dose level had no evidence of 
side effects whatsoever. In other patients, the duration since vac-
cination varied, however this did not correlate with toxicity, sys-
temic vvDD spread, or antitumor activity in this phase 1 study.

Here we report evidence of vvDD replication in both injected 
and noninjected tumors. Tumor-selective replication was mea-
sured by visual inspection of cutaneous tumors, pfu or DNA 
recovery from biopsied tumor sites, delayed re-emergence of 
vvDD genomes in blood as well as fever and malaise occurring 
1–2 weeks post-vvDD administration (consistent with timing of 
peak vvDD replication). In all biopsied patients receiving a dose 
of 1 × 108 pfu or higher, we were able to demonstrate evidence of 
vvDD replication in the injected lesions, and in two cases, evidence 
of local or systemic vvDD spread to noninjected tumors. An addi-
tional two patients had delayed re-emergence of vvDD genomes 
in blood. The injected, purified form of vvDD is predominately 
the intracellular mature virus form, which lacks the outer mem-
brane that is partly derived from the plasma membrane. After in 
vivo infection, subsequent spread is secondary to newly produced 
vvDD particles which are released from the cell membrane of the 
host, the EEV form, which is relatively resistant to neutralization 
and complement destruction.12,13 Either this released progeny is 
responsible for the distant spread, or vvDD that escaped into the 
circulation at the time of initial injection was able to seed other 

Figure 3 Immunologic effects of vvDD. (a) By phosflow analysis, pERK, 
pS6, and Ki67 were upregulated in circulating CD4 and CD8 T cells after 
vvDD injection in a dose-dependent manner. (b) Comparison of injected 
and noninjected tumor biopsies in compassionate use patient with mela-
noma on day 8 by qPCR for inflammatory markers. All proinflammatory 
markers are upregulated in the injected tumor, but the anti-inflamma-
tory marker CCL22 is unchanged.
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systemic sites. One patient who had evidence of systemic vvDD 
spread, also had vvDD recovery from the circulation at early time 
points, suggesting that vvDD did escape into the circulation at the 
time of injection, and might lead to systemic uptake and replica-
tion. Future studies of intravenous vvDD delivery may differenti-
ate the source of distant infection.

Unfortunately, true clinical benefit was not achieved in the 
patients treated on this phase 1 study, other than the melanoma 
patient who was able to have surgical resection after shrinkage of 
his extremity tumor. Also, none of the deep tumors injected had 
radiographic responses to treatment. Evidence of antitumor activ-
ity, however, was noted on this study, with all of the injected skin 
lesions treated at 1 × 108 pfu or greater undergoing ulceration and 
destruction similar to the dermonecrosis known to be induced by 
VV (note the effect was not painful and was limited to the tumor). 
Surrounding normal skin was never affected. As we extended 
the trial to include noncutaneous lesions, one 3 cm deep tumor 
(colorectal cancer mass in omentum) injected by ultrasound 
guidance also had a dramatic necrotic response. We were able to 
demonstrate evidence of response in multiple histologies, includ-
ing breast cancer, colorectal cancer, and melanoma. For those 

deep tumors that did not respond, it is impossible to differenti-
ate the reason for nonresponse, including the possibility of resis-
tant cells (although we have not observed tumor cell resistance 
in vitro), inaccurate injection (ultrasound guided injection being 
much more challenging than injection of cutaneous tumors), or 
true response that could not be imaged (inflammation secondary 
to vvDD infection may falsely image as increased growth by CT 
scans). All patients enrolled on this phase 1 study had advanced 
tumors that were refractory to all available therapies prior to study 
entry. Therefore, we did not expect to observe elimination of 
tumor throughout the body and long term disease free survival in 
these patients. Indeed, all patients exhibited progression of bulky 
noninjected lesions, preventing long-term follow-up.

We cannot differentiate the direct replicative oncolysis of 
tumor from an immune response to the tumor. The responding 
cutaneous lesions were consistent with vaccinia dermonecrosis, 
indicating replicative virus tissue destruction. Unlike the only 
other clinical studies with replicating VV expressing GM-CSF 
(Pexa-Vec), vvDD did not express any immunologic adjuvant. 
In addition, our assays did not demonstrate a consistent sys-
temic inflammatory chemokine milieu, nor a definitive immune 

Figure 4 Antitumor activity in melanoma (compassionate use patient). (a) Evolution of tumor response demonstrating ulceration caused by 
vvDD replication specific for the injected tumors, with intervening skin unaffected. The tumor scabs over by day 22 and completely heals by day 
75. (b) A larger adjacent uninjected lesion also responded. The larger lesion was reinjected on day 42, and surgically resected 5 months after the 
beginning of treatment. (c) A representative hematoxalyin-eosin stained slide from tissue obtained at the time of resection (5 months after the 
first vaccinia injection) demonstrating karyorrhectic as well as coagulative necrosis and visible tumor nest surrounded by hyalinized fibrous tissue.
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response. In 1 patient, we demonstrated evidence of induction of 
circulating T-cell reactivity to CEA antigen (data not shown), sug-
gesting an antitumor immune response was generated, but no sys-
temic effect was evident. While investigators have described the 
importance of the immune response for oncolytic viral effect,25 
we and others have found with VV that the antitumor effect is 
enhanced in the immunocompromised host or in conjunction 
with immunosuppression, consistent with the importance of the 
viral replication cytotoxicity and the negative effect of premature 
immune clearance of the virus.26,27 Previously, others have found 
that it is the case for oncolytic adenovirus and herpes simplex 
virus.28–30 Nevertheless, ultimately the immunologic effect of 
the viral tumor destruction may be the most efficient means of 
achieving systemic tumor clearance. We and others have exam-
ined ways of enhancing this effect through cytokine/chemokine 
expression, and immunologic adjuvant treatments. The fact that 
some tumor specific antigen immune reactivity is induced, sug-
gests that this can be optimized with additional adjuvants which 
create an immunologically favorable tumor microenvironment.

In summary, we have multiple key findings in this study. First 
we have shown that vvDD (WR strain) exhibits exquisite tumor 
specificity in human cancer patients, with vvDD replication dem-
onstrated in injected and non-injected tumors. Second, vvDD is 
well-tolerated, having reached a maximum feasible dose of 3 × 109 
pfu. Finally, we have evidence of tumor response in multiple his-
tologies without infection of normal tissue or systemic toxicity. 
One patient had a true clinical benefit where the tumor response 
converted an unresectable dominant arm melanoma into a resect-
able lesion which was completely removed with negative margins. 
As this was a first-in-man study of oncolytic vaccinia virus, the 
Food and Drug Administration required an intratumoral trial 
before proceeding to an intravenous trial. However, our next trial 
will examine the intravenous delivery of vvDD to determine the 
ability to achieve systemic infection of metastatic tumors as seen 
in the animal models. It may be that elimination of the intracel-
lular mature virus form of vvDD by circulating antibodies and 
complement will prevent efficient systemic infection of metastatic 
tumors, but prior clinical studies with Pexa-Vec have suggested 
the feasibility of intravenous delivery.8 Multiple dosing regimens 
may also lead to improved antitumor effects, and should be con-
sidered in subsequent studies. Preclinical studies with immune 
stimulating transgenes and deletions leading to improved spread-
ing of the virus have demonstrated promise, and these constructs 
may lead to more clinical activity in patients. We would also like 
to combine VV infection with transient immune suppression to 
enhance viral delivery and replication for destruction of larger 
tumors and more efficient vvDD systemic spread, as seen in the 
preclinical studies.26,31

MATERIALS AND METHODS
Clinical trial
Patients. Over 26 months, 20 patients were enrolled in this phase 1 dose 
escalation trial. Four patients failed final screening; so, 16 patients were 
treated. One patient was treated identically to the previous patients at the 
highest dose level (3 × 109 pfu) as a compassionate exemption because 
he did not meet the inclusion criteria. He was on prednisone for severe 
arthritis and could not tolerate the 4 weeks off prednisone required by 
the protocol. The prednisone was discontinued 1 week prior to treatment. 

In order to enter the trial, patients had to be greater than 18 years of age 
with histologically-confirmed cancer that had progressed despite standard 
therapy and was not surgically curable. Patients had to have a Karnofsky 
performance status of ≥ 70 with an anticipated survival of at least 16 weeks. 
Patients were required to have adequate bone marrow function: WBC > 
3,500, absolute neutrophil count > 1,500 cells/mm3, CD4 T cell count >350 
per µl blood, hemoglobin > 10 g/dl, and platelet count > 150,000 cells/mm3. 
Patients had to have a serum creatinine level ≤ 1.2 × upper limit of nor-
mal and an international normalized ratio < 1.1 × upper limit of normal. 
Patients were not required to have evidence of neutralizing antibodies to 
vaccinia virus for inclusion in the study. Patients were excluded if they were 
pregnant or nursing an infant, had an active viral infection (including HIV, 
Hepatitis B and C), or used systemic corticosteroid or other immunosup-
pressive medication within 4 weeks of the study treatment. Any significant 
immunodeficiency (e.g., due to underlying illness and/ or medication) in 
subject or household contacts was also an exclusion criteria. Patients with a 
history of eczema requiring systemic therapy were also excluded due to the 
risk of systemic vaccinia and overwhelming skin infection. Also excluded 
were patients with unstable cardiac disease, patients whose target tumor(s) 
were adherent to a major vascular structure (e.g., carotid artery), subjects 
who received radiation, chemotherapy or other potentially immunosup-
pressive therapy within 4 weeks prior to study screening; patients with 
clinically significant and/or rapidly accumulating ascites, pericardial and/
or pleural effusions, patients who experienced a severe systemic reaction or 
side-effect as a result of a previous smallpox vaccination.

The Declaration of Helsinki protocols were followed and all patients 
gave written informed consent. The study protocol and the consent 
forms were approved by the Recombinant Advisory Committee, the 
US Food and Drug Administration, the Institutional Review Board, the 
Institutional Protocol Review Committee, and the Institutional Biosafety 
Committee. An independent data-safety monitoring board reviewed all 
dose-escalation decisions and major safety assessments.

Viral production. vvDD-CDSR, also called JX-929 or vvDD, was con-
structed using homologous recombination of the cytosine deaminase and 
somatostatin receptor genes into the TK-locus of VSC20 (a VGF deleted 
WR strain of VV), which has been used in preclinical studies.20,32 While the 
potential for imaging with octreotide scans existed, it was not included in 
this trial due to a limited budget. Likewise, the enzyme/prodrug treatment 
with 5-fluorocytosine (5-FC) was possible but not undertaken in this phase 
1 trial, where the determination of safety and efficacy of the viral back-
bone alone was the objective. The VGF gene had been previously deleted 
by inserting β-galactosidase gene into the VGF gene loci by homologous 
recombination. We subsequently selected (color selection after x-gal stain-
ing of plaques) for a spontaneous mutant of β-galactosidase, such that the 
β-galactosidase protein was not expressed. The TK and VGF inserts in the 
final product were both completely sequenced. Sequencing confirmed a 
deletional mutation of the β-galactosidase gene.

Trial material was generated according to Good Manufacturing 
Practice guidelines in Vero cells (American Type Culture Collection, 
Manassas, VA) and purified through sucrose-gradient centrifugation, by 
contract with Novovax (Rockville, MD). The genome-to-pfu ratio was 
about 50:1. vvDD-CDSR was formulated in phosphate-buffered saline 
with 10% glycerol, 138 mmol/l sodium chloride at pH 7.4. Final product 
quality control tests included assays for sterility, endotoxin, and potency. 
The clinical trial material was also tested for TK- and VGF- deletion. 
vvDD-CDSR was diluted in 0.9% bicarbonate buffered saline in a volume 
equivalent to 25% of the estimated total volume of target tumors.

Treatment. This was a phase 1, open-label, dose-escalation trial using a 
single dose group sequential dose-escalating design. Subjects were strati-
fied into two groups, depending on a history of vaccination for smallpox 
(but not upon measured antibody titres). Only one patient (patient #1) was 
not known to be previously vaccinated, and was treated at the lowest dose 
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level of 3 × 107 pfu. All other patients were previously vaccinated against 
smallpox and were treated with a standard dose escalation format, start-
ing at 3 × 107 pfu, then 1 × 108 pfu, 3 × 108 pfu, 1 × 109 pfu, and ending at 
3 × 109 pfu (the maximum feasible dose given the current concentration 
limit of VV purification). Three patients were treated at each dose level, 
and 4 weeks were allowed prior to dose escalation. The maximum toler-
ated dose was defined as the dose level at which < 2 out of six patients had 
a dose limiting toxicity.

Subjects were admitted to the Clinical and Translational Research 
Center Montefiore University Hospital for at least 24 hours on injection 
days. Subjects were given a physical exam and vital signs were monitored 
for 24 hours postinjection. For cutaneous tumor injection, the total dose 
could be divided between 1–3 lesions, using four equally spaced needle 
tracts per tumor radiating out from a central puncture site (extending to 
within 2–3 millimeters of edge of tumor). Deep tumors were injected using 
ultrasound guidance and a straight needle or a multipronged QuadraFuse 
needle (Rex Medical, Conshohocken, PA) with a variable tine deployment 
of 1, 2, 3, 4, and 5 cm diameters. The injections were performed while 
retracting the needle and the needle was rotated once to maximize 
vvDD distribution throughout the tumor. The strictly defined injection 
protocol allows for consistency of treatment, but for deep injections, the 
radiologic guided injections are operator dependent and may be subject 
to variability. A nonocclusive dressing was kept on the skin overlying the 
tumor injection site at all times during the study.

Pharmacokinetic blood draws were obtained at 15 minutes, 30 
minutes, 60 minutes, 3–4 hours, and 4–6 hours postinjection. Patients with 
superficial tumors could undergo a punch biopsy of the injected tumor 
and a control noninjected tumor on day 8 following injection (patient’s 
choice). Patients with deep tumors were not requested to undergo 
biopsies. Blood, saliva, and urine samples were collected on days 1, 4, 8, 
14, 21, and 28 following vvDD injection. Tumor response was assessed by 
direct measurements of superficial skin tumors at each follow-up time. 
Deep lesions were assessed by contrast enhanced computed tomography 
scan (unless contraindicated), comparing pretreatment scans and day 28 
scans. If there was no evidence of progression, a repeat scan was obtained 
at day 90, and every three months thereafter.

Laboratory analysis
vvDD titers. The tissues were homogenized using a FastPrep Cell Disrupter 
(Model FP120; Qbiogene, Carlsbad, CA) to release virions, and the infec-
tious viruses in the resulting cell lysates were used to infect CV-1 cells 
(American Type Culture Collection) and titres determined by standard 
plaque assays.17,31

qPCR analysis for vvDD genomes. Quantitative PCR (Q-PCR) was used 
to measure vvDD genomes in blood serially because of its reproducibility 
and ability to detect and quantitate genome copies, irrespective of antibody 
or complement neutralization (or both). vvDD DNA was purified from 
samples by use of QIAamp DNA Blood Mini Kit (Qiagen GmbH, Hilden, 
Germany). Q-PCR was performed as described elsewhere.7,8,33 The lower 
limit of vvDD detection was 666 copies per milliliters of plasma and the 
limit of vvDD quantitation (i.e., measurable copy numbers) was 3,333 cop-
ies per milliliters of plasma. To detect shedding of infectious vvDD into 
the environment, a plaque-forming assay was used. Infectious shedding of 
viral units would have public health consequences. Urine and saliva sam-
ples were centrifuged at 80 g, resuspended in 10 mmol/l Tris (pH 8.0), and 
plaque assays were performed. The detection limit was 20 pfu/ml.

Neutralizing antibody titers to vaccinia virus. This procedure is based on 
the ability of neutralizing antibodies in patient serum samples to reduce the 
cytopathic effect caused by live VV as described by Breitbach et al.8 Serum 
samples obtained at baseline (day 0) and on day 22 were heat-inactivated, 
serially diluted in 96-well format (dilution factor 10–20,480) and incu-
bated with VV for 2 hours before transfer of the mixture onto monolay-
ers of A2780 cells. Cell viability was measured 3 days after inoculation by 

a colorimetric assay based on live-cell-mediated reduction of tetrazolium 
salt to formazan (Cell Counting Kit-8, Donjindo Laboratories, Kumamoto, 
Japan). The neutralizing antibody titer was defined as the reciprocal of the 
highest dilution of serum that results in ≥50% cell viability.

The analysis of the total antibody against VV in the serum samples 
was performed using an enzyme-linked immunosorbent assay.

TaqMan qPCR analysis of mRNA levels in tumor tissues and PBMCs. 
PBMCs or biopsied tissues were placed in Lysing Matrix E Tubes (MP 
Biomedicals, Santa Ana, CA) containing RLT buffer from RNeasy 
kit (Qiagen GmbH), and agitated using a FP120 homogenizer (MP 
Biomedicals). Debris-free supernatant from the lysis matrix tubes were 
transferred into new tubes. The total RNA was extracted using the RNeasy 
kit. Usually, one microgram of total RNA was used for cDNA synthesis, 
and 25–50 ng of cDNA was used for TaqMan PCR analysis for levels of 
individual mRNAs on the StepOnePlus Real-Time PCR system (Applied 
Biosystems, Life Technologies, Grand Island, NY), as we have described 
previously.34 The TaqMan Gene Expression Assays for individual genes 
including primers were obtained from Applied Biosystems.

Detection of cytokine-producing immune cells by ELISPOT assay. 
Ag-specific interferon (IFN)-γ-producing cells were detected by an 
ELISPOT assay. PBMCs from human patients were used directly in 
ELISPOT assay or were cultured in Iscove's Modified Dulbecco's Medium 
supplemented with 5% AB human serum in the presence of human IL-2 
(20 U/ml) (Chiron, Emeryville, CA) or both IL-2 and one of the anti-
gen proteins (CEA; MyBiosource, San Diego, CA) or survivin (Abcam, 
Cambridge, MA; 10 µg/ml) for a total of 11 days. For the ELISPOT 
assay, cells were plated at 1e5 cells per well in triplicates in Millipore 
(Billerica, MA) Multiscreen 96-well plate coated with anti IFN-γ 1-D1K 
mAb (Mabtech, Cincinnati, OH) and stimulated for 48 hours with either 
CEA or survivin proteins (10 µg/ml). Spots were detected with anti IFN-γ 
7-B6-1 biotin mAb (Mabtech), Vectastain ABC kit and AEC peroxidase 
substrate (both from Vector Laboratories, Burlingame, CA). Spots were 
enumerated by using ImmunoSpot analyzer (Cellular Technologies, 
Shaker Heights, OH) and the frequency of responding cells was deter-
mined. Wells without Ag were included as controls and did not yield 
cytokine-producing spots.

Phosflow analysis of PBMC. Fixed and permeabilized cells were prepared 
for flow cytometric analysis as previously described.35 The following Abs 
were used (purchased from BD Biosciences, San Jose, CA unless other-
wise noted): Ki67 (B56), CD4 (RM4-5), CD8, phospho-ERK1/2 (Thr202/
Tyr204), phospho-p70 S6 Kinase (Ser371) (Cell Signaling Technology, 
Danvers, MA). Note that all Ab concentrations were titrated for optimal 
staining in a 100-ul staining volume with no more than 4 × 106 methanol-
permeabilized cells per sample.

Statistical analysis. The study sample size was set to assess safety issues. 
The primary objectives were to study the safety and maximum tolerated 
dose of vvDD. Secondary objectives included pharmacokinetics, replication 
and shedding (urine, throat swabs), immune responses (neutralizing anti-
bodies, cytokines, chemokines, and antitumor immune recognition) and 
tumor responses. The likelihood of dose escalation, given varying true dose-
limiting toxicities in the treated population, was calculated as is routine in 
phase 1 dose-escalation trials. Expected sample size was 15–21 patients.
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