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Purpose: BN-CV301 is a poxviral-based vaccine comprised of recombinant (rec.) Modified 

vaccinia Ankara (MVA-BN-CV301; prime) and rec. fowlpox (FPV-CV301; boost). Like its 

predecessor PANVAC, BN-CV301 contains transgenes encoding tumor-associated antigens, 

MUC1 and CEA, as well as costimulatory molecules (B7.1, ICAM-1, LFA-3). PANVAC was re-

engineered to make it safer and more antigenic.

Experimental Design: This open-label, 3+3 design, dose-escalation trial evaluated three dose 

levels (DL) of MVA-BN-CV301: one, two or four subcutaneous injections of 4×108 infectious 

units (Inf.U)/0.5 mL on weeks 0 and 4. All patients received FPV-CV301 subcutaneously at 

1×109Inf.U/0.5 mL every 2 weeks for 4 doses, then every 4 weeks. Clinical and immune responses 

were evaluated.

Results: There were no dose limiting toxicities. Twelve patients enrolled on trial (DL1=3, 

DL2=3, DL3=6). Most side effects were seen with the prime doses and lessened with subsequent 

boosters. All treatment-related adverse events were temporary, self-limiting, grade ½, and included 

injection site reactions and flu-like symptoms. Antigen-specific T-cells to MUC1 and CEA, as 

well as to a cascade antigen, brachyury, were generated in most patients. Single agent BN-CV301 

produced a confirmed partial response (PR) in one patient and prolonged stable disease (SD) in 

multiple patients, most notably in KRAS mutant gastrointestinal tumors. Furthermore, two patients 

with KRAS mutant colorectal cancer had prolonged SD when treated with an anti-PD-L1 antibody 

following BN-CV301.

Conclusions: The BN-CV301 vaccine can be safely administered to patients with advanced 

cancer. Further studies of the vaccine in combination with other agents are planned.
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Introduction

BN-CV301 is a poxviral-based vaccine comprised of recombinant Modified vaccinia Ankara 

(MVA-BN-CV301, prime) and recombinant fowlpox (FPV-CV301, boost). BN-CV301 

contains transgenes encoding two tumor-associated antigens (TAA), mucin 1 (MUC1) and 

carcinoembryonic antigen (CEA), as well as three costimulatory molecules (B7.1, ICAM-1 

and LFA-3, designated TRICOM). CEA and MUC1 have been identified on numerous 

adenocarcinomas including colorectal cancer (CRC), breast cancer, non-small cell lung 

cancer (NSCLC), bladder cancer and pancreatic cancer.

The transmembrane MUC1 C-terminal (MUC1-C) has been shown to induce an epithelial-

mesenchymal transition (EMT) leading to stemness, drug resistance and immune evasion 

(1–3). MUC1-C also acts as an oncogene and overexpression is associated with a poor 

prognosis (4–7). Several studies have demonstrated that MUC1-C interacts with various 

receptor tyrosine kinases (i.e., EGFR and HER2) and promotes activation and downstream 

pathways (1,2,8). Furthermore, MUC1-C overexpression has been associated with immune 

evasion from anti-PD-L1 agents in triple negative breast cancer and NSCLC (3,9).
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An earlier version of BN-CV301, PANVAC, has been evaluated in the preclinical and 

clinical settings. Preclinical studies have demonstrated that PANVAC activated antigen-

specific human T-cells in vitro (10), cellular immune responses in vivo, and antitumor 

efficacy against tumors expressing either human MUC1 or CEA in mice. Phase 1 and 2 

clinical trials involving PANVAC as a single agent, or in combination with granulocyte 

macrophage colony-stimulating factor (GM-CSF) +/− chemotherapy, demonstrated an 

acceptable safety profile with some hints of clinical benefit (11–14). Treatment with 

PANVAC was well tolerated with only low grade injection site reactions and transient flu-

like symptoms (15). The pilot trial of PANVAC had four prolonged responders (one patient 

with CRC, one patient with appendiceal and two patients with ovarian cancer) but multiple 

patients had prolonged survival after coming off trial and several patients had unexpected 

clinical responses to subsequent therapies (15). Based on this pilot trial there was an 

expansion cohort for patients with breast or ovarian cancer, again resulting in a few 

prolonged responders. One breast cancer patient continues to have a complete response on-

going for 9.5 years and received a total of 55 PANVAC vaccines prior to being taken off trial 

due to lack of available vaccine (13,16). Encouraging responses in breast cancer patients led 

to a small randomized, controlled phase 2 trial showing that docetaxel + PANVAC resulted 

in longer progression-free survival than docetaxel alone (7.9 months vs 3.9 months, 

respectively) (12). Furthermore, in a phase 2 trial, patients with complete resection of 

oligometastatic CRC who received PANVAC had improved survival compared with 

unvaccinated historical and contemporary controls (14). Collectively, these trials 

demonstrated preliminary evidence of clinical efficacy of PANVAC as an adjunct to other 

therapies.

To improve safety and immune response, PANVAC was modified in several ways, resulting 

in the new version of the vaccine, called BN-CV301. Like its predecessor PANVAC, BN-

CV301 utilizes a prime-boost dosing regimen. Due to the replication-competency of the 

vaccinia vector employed in the priming dose of PANVAC, its administration offered 

particular risks to specific segments of the general population, including 

immunocompromised individuals and persons diagnosed with atopic dermatitis (17–19). In 

addition, traditional replication-competent smallpox vaccines are known to carry the risk of 

rare but serious cardiac complications, including myo/pericarditis. Considering these 

potential safety issues, a second-generation cancer immunotherapy strategy using an 

attenuated vaccinia virus, MVA, was developed. MVA-BN can infect mammalian cells and 

express transgenes, but it cannot produce infective viral particles, alleviating most of the 

safety concerns of PANVAC. More than 13,000 patients have been vaccinated with various 

MVA-BN-based infectious disease vaccines and no inflammatory cardiac adverse reactions 

have been reported. The expected improved safety profile has allowed the dosing regimen to 

be changed for BN-CV301 compared with PANVAC. Specifically, priming doses of MVA-

BN-CV301 are given in four separate injection sites, resulting in a higher total virus dose 

and potential for exposure to a greater number of dendritic cells (DCs) in four draining 

lymph node regions. Additionally, two priming doses of MVA-BN-CV301 are given prior to 

switching to heterologous boosting with FPV-CV301, which is then given for a longer 

duration than in some previous trials with PANVAC.
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The transgenes in the original PANVAC vectors were modified to contain one CD8+-- 

enhancer epitope for CEA (10,20) and one CD8+-- enhancer for MUC1 in the VNTR region 

of the molecule (21). The BN-CV301 vectors contain additional MUC1 enhancer epitopes, 

especially in the MUC1-C region. These enhancer epitopes have been described in detail 

previously (22) and span HLA-A2, HLA-A3 and HLA-A24 MHC Class I alleles, which 

encompass the majority of the population. All of the CEA and MUC1 agonist epitopes in 

BN-CV301 were also shown to enhance T-cell responses and subsequent tumor lysis versus 

the use of the corresponding native epitopes (20–22). Consequently, BN-CV301 is expected 

to promote a stronger antigen-specific targeted immune response in comparison to 

PANVAC.

The primary objective of this phase 1 trial was to assess the safety of BN-CV301 and to 

identify the recommended dose of BN-CV301 for use in future clinical trials.

Materials and Methods

Preclinical evaluation of antigenicity

Culture and infection of dendritic cells.—Peripheral blood mononuclear cells 

(PBMCs) were separated from heparinized blood of HLA-A2 healthy donors obtained from 

the NIH Blood Bank by centrifugation on a Ficoll density gradient (Lymphocyte Separation 

Medium, LSM, MP Biomedicals, Santa Ana, CA). DCs were prepared using a modification 

of a previously published procedure (23); briefly, PBMCs (1.5×108) were resuspended in 50 

ml AIM-V medium (Thermo Fisher Scientific, Waltham, MA) and allowed to adhere to 

T-150 flasks (Corning Costar Corp., Cambridge, MA). After 2 hours at 37°C, the non-

adherent cells were removed with a gentle rinse. Adherent cells were cultured for 6 to 7 days 

in AIM-V medium containing 100ng/mL of recombinant human– (rh) GM-CSF and 

20ng/mL of recombinant human interleukin 4 (rhIL-4). The culture medium was replenished 

every 3 days. For infection, DCs (1×106) were incubated in 1mL of Opti-MEM medium 

(Thermo Fisher Scientific) at 37°C with MVA-BN-CV301, FPV-CV301, or the control 

empty vectors, MVA-wildtype (WT) and FPV-WT. DCs were infected for 2 hours with FPV-

based constructs at a multiplicity of infection (MOI) of 20 or 40, and for 1 hour with MVA-

based constructs at an MOI of 5 or 10, followed by the addition of 10mL of fresh, warmed 

RPMI-1640 complete medium containing 100ng/mL of rhGM-CSF and 20ng/mL of rhIL-4. 

After 24 hours, DCs were analyzed by flow cytometry or used as antigen presenting cells 

(APCs) for in vitro stimulation of human antigen-specific T-cells.

FACS analysis of infected DCs.—Flow cytometry was performed on infected DCs 

using phycoerythrin (PE)-labeled antibodies against human B7–1 (CD80), ICAM-1 (CD54) 

and LFA-3 (CD58) or a control isotype IgG (BD Biosciences, San Jose, CA). The anti-CEA 

monoclonal antibody COL-1 (24) and anti–MUC1 antibodies DF3 and DF3-P (25,26) were 

also used.

Activation of human CEA- and MUC1-specific T-cells.—For T-cell stimulation, DCs 

(2×104) were co-incubated with HLA-A2‒restricted T-cell lines specific for CEA or two 

different epitopes of MUC1, at a ratio of T-cell-to-DCs of 1:10. Culture supernatants were 
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collected at 24 hours and evaluated for secretion of IFNγ by ELISA (BioSource 

International, San Diego, CA).

Clinical

Patients.—Patients were eligible for trial if they had evaluable (not necessarily 
measurable) metastatic or unresectable locally advanced solid tumors with no known 

curative therapy. When available, KRAS status was determined using historical genomic 

profile reports (i.e., FoundationOne, Caris). Patients with surgically resected or ablated 

metastatic disease at high risk of relapse were also eligible. Patients must have completed at 

least one prior line of standard therapy at least 4 weeks prior to enrollment on trial, with 

resolution of any grade ≥2 adverse events (AEs). Patients could continue maintenance 

therapy where appropriate (i.e., endocrine therapy for ER+/PR+ breast cancer; HER2-

targeted therapy for HER2+ breast cancer, capecitabine +/− bevacizumab for CRC; erlotinib 

for EGFR-mutated NSCLC; androgen deprivation therapy for prostate cancer) as long as the 

patient had been receiving this treatment ≥ 2 months prior to the start of trial treatment. 

Patients were required to be ≥18 years old with a good performance status (ECOG 0–1) and 

normal organ function. Exclusion criteria included chronic infection, including hepatitis B or 

C and HIV, active brain metastases, leptomeningeal disease, autoimmune disorders of 

clinical significance, concurrent systemic corticosteroids (physiological doses defined as ≤ 

prednisone 5mg per day or equivalent allowed), history of allergic reaction to components of 

vaccines, serious uncontrolled medical issues and pregnancy.

Trial design and oversight.—This phase 1 dose-escalation trial followed a standard 3+3 

design to demonstrate the safety and immunogenicity of the BN-CV301 vaccine in patients 

with advanced solid malignancies (). Three vaccine dose levels (DLs) of the priming dose of 

MVA-BN-CV301were evaluated with patients receiving one (DL1), two (DL2) or four 

(DL3) injections. Each of these injections contained 4×108 infectious units per 0.5ml (Inf.U/

0.5ml) and was injected in a different arm or leg. Following two priming doses at week 0 

and week 4, a booster dose of the FPV-CV301 (1×109 Inf.U/0.5ml) was given 

subcutaneously at one site every 2 weeks from week 8 to week 14, every 4 weeks from week 

18 to week 50 and every 13 weeks in all three dose levels (Fig. 1A).

The phase 1b component of this trial is on-going and is evaluating the safety and tolerability 

of BN-CV301 plus anti-PD-1 therapy (nivolumab or pembrolizumab) in patients with 

NSCLC who relapsed after or who are refractory to first-line chemotherapy. This phase 1 

trial was conducted in accordance with the Declaration of Helsinki after approval by the 

Scientific Review Committee and Institutional Review Board (IRB) of the Intramural 

National Cancer Institute (NCI) and the Center for Cancer Research, NCI. All patients 

provided informed written consent. This trial was sponsored by Bavarian Nordic and the 

NCI. Ongoing safety oversight was conducted by the IRB and an appointed Safety 

Monitoring Team. Any serious AEs were reported to the U.S. Food and Drug Administration 

for review, per guidelines. Informed consent was obtained from each participant, including 

consent for treatment, primary and secondary endpoints, and correlative studies.
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Safety assessment.—All patients were monitored for dose limiting toxicities (DLTs) 

during the 7 days after the first dose of BN-CV301. On day 7, patients were called by 

trained research staff to elicit symptoms of interest. A 12-lead EKG was performed at 

baseline, as well as during the week 2 clinic visit. Safety was assessed based on reported 

AEs through time on trial. Reported AEs were graded according to the NCI Common 

Terminology Criteria for Adverse Events (NCI-CTCAE) version 4.03. Treatment-emergent 

adverse events occurring from the first dose of BN-CV301 through 30 days after the last 

dose of BN-CV301 were recorded. All BN-CV301‒related serious AEs or AEs of special 

interest were collected until 100 days following administration of the last dose of BN-

CV301.

Clinical assessment.—All patients were assessed in the clinic every 2 weeks +/− 3 days 

for the first 14 weeks on trial, every 4 weeks +/− 7 days through week 50, then every 13 

weeks +/−7 days for the duration of treatment. Routine laboratory tests and targeted physical 

exams were performed at each time point. Tumor markers were also monitored as 

appropriate. Restaging with CT of the chest, abdomen and pelvis was performed at baseline, 

week 6, week 12, week 18, every 8 weeks until week 50 and then every 13 weeks using 

RECIST 1.1 criteria to assess the response.

Exploratory analyses.—PBMCs collected from patients before and during treatment 

were separated by Ficoll-Hypaque density gradient centrifugation and cryopreserved in 

human AB serum and 10% DMSO (1×107 cells/mL) and stored in liquid nitrogen until 

assayed. Antigen-specific responses were assessed by intracellular cytokine staining 

following a period of in vitro stimulation (IVS) with overlapping 15-mer peptide pools 

encoding MUC1 and CEA, as well as the cascade antigen brachyury, as previously described 

(27). The TAA peptide pools contain agonist epitopes that had previously been identified 

(20,22). Antigen-specific responses to KRAS were assessed in patients where the specific 

mutation was known and compared to wildtype KRAS. Peptide pools encoding for HLA and 

CEFT (a mixture of peptides of cytomegalovirus, Epstein-Barr virus, influenza and tetanus 

toxin) served as negative and positive controls, respectively. Peptide mixes were purchased 

from JPT (Berlin, Germany) and GenScript (Piscataway, NJ), reconstituted in DMSO, and 

used immediately.

Cryopreserved PBMCs from patients before therapy and on weeks 6 (2 weeks after 2nd 

MVA-BN-CV301 prime), 10 (2 weeks after 1st FPV-CV301 boost) and 18 or 22 (4 weeks 

after 4th or 5th FPV-CV301 boost, where available) were assayed as previously described 

(27). Using a BD Fortessa flow cytometer equipped with a UV, violet, blue, red, and yellow/

green laser, 3×105 events in the live gate were acquired. FCS files were analyzed with 

FlowJo V9.7 for Macintosh (TreeStar, Ashland, OR). Non-viable cells were excluded, and 

fluorescence minus one control were used for gating. The absolute number of CD4+ or 

CD8+ T lymphocytes producing cytokine or positive for the degranulation marker CD107a 

was calculated per 1×106 cells plated at the start of the IVS. The background signal 

(obtained with the HLA peptide pool) and any value obtained prior to vaccination were 

subtracted from those obtained after vaccination ([post-TAA – post-HLA] – [pre-TAA – pre 

HLA]). A response to each TAA was scored as positive if a patient had more than 250 CD4+ 
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or CD8+ T-cells that produced IFN-γ, TNF, IL2, or were positive for CD107a at the end of 

the stimulation assay per 1×106 cells that were plated at the start of the assay.

Statistical analysis.

This was a dose escalation phase 1 clinical trial. Patients with presumed CEA/MUC1-

expressing tumors were enrolled using a 3+3 design. Descriptive statistics are reported 

throughout the manuscript. Due to differing clinical outcomes noted among patients with 

KRAS mutant and wildtype cancers, an exploratory, post-hoc analysis of the impact of 

KRAS mutation status on clinical outcome was evaluated using an exact two-tailed log-rank 

test with a priori p-value of significance <0.05.

Results

Preclinical antigenicity

MVA-BN-CV301– and FPV-CV301–infected DCs stimulate CEA- and MUC1-
specific CD8+ T-cells.—The ability of the recombinant BN-CV301 vectors to infect 

human DCs in vitro was first evaluated. As shown in Supplementary Table S1A, expression 

of the encoded costimulatory molecules B7–1, ICAM-1, and LFA-3 was markedly enhanced 

in MVA-BN-CV301 and FPV-CV301 verse the corresponding MVA-WT– and FPV-WT–

infected cells, respectively. Expression of the encoded CEA and MUC1 tumor antigens was 

observed with both MVA-BN-CV301 and FPV-C301 vectors above the low levels observed 

in control-infected or uninfected DCs.

MVA-BN-CV301– and FPV-CV301–infected human DCs were subsequently used in vitro 
as APCs to stimulate HLA-A2–restricted human CD8+ T-cells specific for an epitope of 

CEA (T-CEA) (28) or two distinct T-cell lines directed against an epitope of MUC1 (T-

MUC1) or an epitope located on the C-terminal region of MUC1 (T-MUC1-C) (22). As 

shown in Supplementary Table S1B, MVA-BN-CV301 and FPV-CV301 were equally 

efficient at stimulating T-cell lines directed against CEA or MUC1 epitopes, as denoted by 

the secretion of high levels of IFN-γ, compared to the levels observed with control MVA-

WT– or FPV-WT–infected DCs.

Altogether these results demonstrated that MVA-BN-CV301 and FPV-CV301 are able to 

efficiently infect and direct the expression of the encoded transgenes CEA, MUC1, B7–1, 

ICAM-1 and LFA-3 in human DCs. Moreover, the antigens CEA and MUC1 encoded by the 

vectors are being processed and presented in the context of MHC-class I molecules, leading 

to the effective stimulation of antigen-specific CD8+ T-cells.

Patient demographics.—In total, 12 patients were enrolled on trial between December 

2016 to May 2017 (DL1, n = 3; DL2, n =3; DL3, n = 6). The data cutoff date for analysis 

was December 11, 2018. At this time, two patients remain on trial and receive FPV-CV301 

every 13 weeks.

Half of patients enrolled were female, and median age was 56 years (Table 1). Due to 

referral patterns, most patients had a gastrointestinal tumor, including seven patients with 

microsatellite stable (MSS) CRC, three of whom had KRAS mutations and four were KRAS 
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wildtype. Two patients had appendiceal cancer (>50% mucinous; both with KRAS 

mutations) and one patient had pancreatic cancer (presumed KRAS mutation since > 90% of 

pancreatic cancer have KRAS mutations) (29). Other patients enrolled had endometrial 

cancer (n = 1) and salivary gland cancer (n = 1); KRAS status was unknown. Half of patients 

were initially diagnosed with cancer in the metastatic setting (de novo). Patients had a mean 

of 4.2 prior regimens in the advanced cancer setting. Fifty percent of patients had at least 

one prior therapy qualifying as immunotherapy (i.e., prior therapeutic cancer vaccine, 

cytokine or anti-PD-1/L1 agent). One appendiceal cancer patient remained on maintenance 

standard therapy with capecitabine + bevacizumab while receiving BN-CV301. All patients 

enrolled were evaluable for clinical, safety and immune responses.

Toxicity.—BN-CV301 was well tolerated with no DLTs (Supplementary Table S2). The 

maximum tolerated dose was not reached. The recommended phase 2 dose (R2PD) is DL3 

of MVA-BN-CV301 (four injections of 4×108 Inf.U/0.5mL, each one administered in a 

different arm and leg) followed by the FPV-CV301 dose of 1×109 Inf.U/0.5mL. No deaths 

occurred on trial. There were no grade ≥3 AEs reported that were attributed to the BN-

CV301 vaccine. The majority of AEs were reported during the priming doses of the vaccine 

(MVA-BN-CV301) and lessened over time. All reported AEs that were attributed to BN-

CV301 were temporary, self-limiting and grade 1 or 2 in severity. Grade 1 or 2 injection site 

reactions were reported in all 12 patients (more common and severe with MVA- than FPV-

BN-CV301 priming doses). These reactions generally occurred within 24 hours of 

administration, resolved within 7 days and were managed with supportive care. The majority 

of patients also reported systemic symptoms including fatigue (n=11; 91.7%), myalgias 

(n=9; 75.0%), chills (n=7; 58.3%) and headache (n=6; 50.0%). Non-neutropenic fevers were 

reported in slightly more than half of patients (n=7; 58.3%). Arthralgia, nausea, vomiting, 

and headache were also reported.

Clinical activity and outcomes.—All patients completed the first two priming doses of 

MVA-BN-CV301 (Fig. 1A and B). The median progression-free time was 15 weeks (range: 

6 to on-going at 82 weeks). Due to disease progression (PD) at the first restaging point at 6 

weeks, five patients (42%) received only the two priming doses. Seven patients received at 

least one dose of FPV-CV301 booster (range: 2 to on-going at 15 FPV-CV301 doses). Of 

these seven patients, one patient with MSS CRC had a partial response (PR) at 78 weeks and 

later confirmed at 82 weeks on trial after a period of prolonged stable disease (SD). Another 

patient with MSS CRC had an unconfirmed PR at 6 weeks but progressed with a new lesion 

at the next restaging visit (Fig. 1B; Table 2). The remaining five patients had SD as the best 

clinical response. Nine of the 12 patients eventually had PD, including the patient with the 

unconfirmed PR at 6 weeks. One patient with salivary gland cancer underwent resection of 

the tumor and continued to receive the vaccine for 6 months in the adjuvant setting due to 

high risk of recurrence. After 6 months, the patient was taken off trial but continues to be 

monitored for recurrence.

Two patients remain on trial at this time. One patient with KRAS mutant, MSS CRC on 

vaccine along with maintenance capecitabine + bevacizumab maintains SD at 81+ weeks. 

Another patient with KRAS mutant, MSS CRC on single agent vaccine achieved a PR. In 
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this patient, the target lesion in the liver decreased by 30.6% from baseline at week 78 and 

was confirmed 4 weeks later (Table 2, Fig. 1B).

Preliminary signal in KRAS mutated cancers.—While this is a small sample of 

patients with known KRAS status (n=10), it is notable that patients with KRAS mutations 

(three MSS CRC, two appendiceal and one pancreatic cancer) remained stable longer than 

patients with KRAS wildtype cancers. The six KRAS mutation carriers remained on study 

for 6 weeks, 12 weeks, 18 weeks, and 26 weeks and two patients remain on study at 80+ 

weeks while the four KRAS wildtypes remained on study for 5 weeks, 6 weeks, 6 weeks and 

18 weeks, respectively (KRAS mutation median progression-free time of 22 weeks vs 

KRAS wildtype 6 weeks; p=0.076). Furthermore, most patients with the KRAS mutation 

had SD with a decrease in the size of index lesions (although not more than a 30% reduction 

as required for a PR) for their best clinical response (Table 2, Fig. 1B). T-cell responses to 

KRAS mutations were compared to KRAS wildtype in three patients where the specific 

mutation was known, and peptides could be designed (two patients with KRAS G12D 

mutation, one patient with KRAS G12C mutation). There was a slightly greater response to 

the specific KRAS mutations than the wildtype peptides in two of the three patients 

(Supplementary Fig. S1), with patient 10 achieving a PR at week 78.

The two patients remain on trial at the time of the data cutoff point and continue to receive 

FPV-CV301 every 13 weeks as long as they tolerate treatment and there is no evidence of 

disease progression.

It is important to note that both of these prolonged responders received BN-CV301 at the 

highest DL tested (DL3). More KRAS mutants were enrolled in the highest DL compared to 

the lower DLs (DL3 had four KRAS mutants; DL2 had zero KRAS mutants; DL1 had two 

KRAS mutants). However, the two KRAS mutants in DL1 had prolonged SD on single 

agent vaccine followed by prolonged SD when transitioned to an anti-PD-L1 agent as will 

be discussed next. Only one of the KRAS wildtype patients (DL2) experienced SD beyond 

the first restaging at 6 weeks. While it is possible the prolonged responses are due to dose-

effect, it is also plausible that the clinical responses are due to immune responses to KRAS 

mutations or other cascade TAAs.

Preliminary signal of BN-CV301 followed by anti-PD-L1.—Following BN-CV301 

treatment, three patients were transitioned to another trial evaluating an anti-PD-L1 agent. 

While mostly driven by patient interest in clinical trial participation, the clinical decision to 

enroll these patients on the anti-PD-L1 trial was supported by preclinical data demonstrating 

synergy with the concurrent (or sequential) use of therapeutic cancer vaccines and anti-

PD-1/L1 agents. One patient with pancreatic cancer quickly progressed. The patient with a 

KRAS mutant, MSS CRC with an unconfirmed PR at 6 weeks on trial was transitioned to an 

anti-PD-L1 trial when the 12-week scan showed a new mediastinal lymph node. Shortly 

after starting on the anti-PD-L1 trial, tumor markers started to decline. At the 12-week 

restaging visit on the anti-PD-L1 trial, this patient had central necrosis of the affected 

mediastinal lymph node (Fig. 2A–C). Another patient with KRAS mutation, MSS CRC has 

prolonged SD per RECIST after switching to anti-PD-L1 therapy (SD on-going at 80 

weeks). Both patients had a notable decrease (≥35%) in tumor markers (CEA, CA19–9) 
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shortly after starting on anti-PD-L1 (Fig. 2D–E) and a prolonged period of SD, both of 

which are uncommon in patients with KRAS mutant, MSS CRC on checkpoint inhibitors.

Identification of MUC1, CEA, and brachyury-specific T-cells.—Sufficient PBMCs 

were available to analyze MUC1-, CEA-, and brachyury-specific T-cells prior to vaccination 

(n=12) and at weeks 6 (n=12), 10 (n=7), and 18 or 22 (n=4) of the study. The FACS-based 

assay for T-cells expressing the type I cytokines IFNγ, IL2, TNF, and/or the degranulation 

marker CD107a following stimulation with overlapping peptide pools is described in detail 

in the Materials and Methods section. All assays for a given patient’s samples before and 

after vaccine were performed in the same controlled experiment.

Including all DLs and time points examined, 11/12 patients (92%) developed CD4+ and/or 

CD8+ T-cell responses after vaccination to the antigens MUC1 and CEA that were encoded 

in the vaccine, as well as to brachyury, a “cascade” antigen not encoded in the vaccine. The 

induction of antigen-specific T-cells was rapid, with most patients having responses to 

MUC1 (75%), CEA (67%), or brachyury (58%) within 2 weeks after the second MVA-BN-

CV301 priming vaccination (week 6). CEA-, MUC1-, and brachyury-specific T-cells were 

observed at all DLs at this early timepoint; MUC1-specific T-cells were generated in 1/3 

patients at DL1, 2/3 at DL2, and 6/6 at DL3; CEA-specific T-cells were induced in 1/3 

patients at DL1, 3/3 at DL2, and 4/6 at DL3; and brachyury-specific T-cells were developed 

in 1/3 patients at DL1, 2/3 at DL2, and 4/6 at DL3. TAA responses were evaluated in seven 

patients with sufficient PBMCs after the first FPV-CV301 boost; in these patients, although 

not statistically significant, the magnitude of the MUC1-, CEA-, and brachyury-specific T-

cells producing cytokine or positive for CD107a was increased on average 2.8-, 2.3-, and 

1.8-fold, respectively, after the booster vaccination compared to the results after the second 

priming vaccination (Fig. 3A). In light of the heterogenous nature of the patients on this 

study in terms of cancer type, and number and type of prior therapies, it is difficult to define 

which type of immune cell responses are most prominent post-vaccination. In some patients, 

immune responses to either CEA or MUC1 declined post-vaccination, which is not 

unexpected due to progression of disease (Supplementary Table S3). In general, however, 

IFNγ+ CD4+ and CD8+ CEA-specific T-cells and IFNγ+ MUC1-specific CD4+ T-cells 

increased in the majority of patients post-vaccination (Supplementary Table S3). CEA-

specific CD107a CD8+ T-cells also increased post-vaccination in 5/7 patients 

(Supplementary Table S3). Polyfunctional TAA responses, defined as CD4 or CD8 T cells 

that express two or more of the following markers: IFNγ, TNF, IL-2, or CD107a, were 

measured in all patients before and after vaccination. Using the criteria of a >10 fold 

increase post versus pre-vaccination, or the presence of >1,000 polyfunctional cells at post 

per 1×106 PBMCs (if negative at pre), polyfunctional T-cells specific for MUC1, CEA, or 

brachyury were generated after BN-CV301 in 58%, 52%, and 33% of patients, respectively 

(Fig. 3B).

TAA responses were also compared between four patients with KRAS wildtype and six 

patients with known/presumed KRAS mutations. At week 6, a similar frequency of patients 

with KRAS wildtype (3/4) and KRAS mutations (4/6) developed MUC1-specific T-cells 

after vaccination; however, those with mutated KRAS displayed a trend of a greater 

magnitude (on average 4.9-fold) of MUC1-specific T-cells producing cytokine or positive 
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for CD107a compared to those with KRAS wildtype tumors (Fig. 3C). CEA-specific T-cells, 

on the other hand, were generated in a slightly higher frequency of patients with KRAS 

wildtype (4/4) than KRAS mutations (3/6); however, the magnitude of CEA responses 

generated was similar between these groups. Brachyury T-cells were generated in 3/4 

patients with KRAS wildtype and 3/6 patients with KRAS mutations, and the two groups of 

patients displayed a similar magnitude of brachyury-specific T-cells.

Discussion

The prime-boost regimen of BN-CV301 was well tolerated by all patients and demonstrated 

prolonged SD for some patients with advanced solid tumors as well as one confirmed PR. 

Side effects were minimal and were more common with MVA-BN-CV301 prime doses 

(limited to two doses) than with the FPV-CV301 booster doses. All side effects were self-

limited and required only supportive care measures to manage symptoms. The safety profile 

of BN-CV301 was similar to that observed with the first generation PANVAC vaccine; 

however, the use of the replication defective MVA- and FPV-recombinant vectors eliminates 

the potential toxicity issues in the use of the replication competent vaccinia as a prime in the 

original PANVAC regimen.

Immunologic analyses demonstrated that BN-CV301 was able to generate MUC1- and 

CEA-specific T-cells in most patients (92%) after vaccination, demonstrating the 

immunogenicity of the BN-CV301 vaccine. In addition, T-cell responses against brachyury, 

an antigen not encoded in the vaccine, were generated after vaccination, suggesting that BN-

CV301 induces immunologically relevant tumor cell destruction. Furthermore, we observed 

a trend indicating a potential dose-related response, resulting in the highest dose being 

selected for use in future phase II trials. We additionally observed that the magnitude of 

MUC1-, CEA-, and brachyury-specific immune responses was increased after the FPV-

CV301 booster vaccine, supporting the use of a diversified prime-boost approach to generate 

a TAA immune response. It has been shown that long-lasting polyfunctional T-cells can be 

induced by vaccination and associate with improved overall survival (30). It is interesting in 

this study that the majority of patients generated polyfunctional T-cell responses to both 

CEA and MUC1 post-vaccination; moreover, the majority of patients also generated 

polyfunctional T-cell responses to the cascade antigen brachyury. Finally, we observed a 

trend in the magnitude of MUC1-specific T-cell responses being enhanced following 

vaccination to a greater extent in patients with KRAS mutations compared to those with 

KRAS wildtype tumors. The relationship between MUC1-C and KRAS mutations has been 

described previously (31,32). The immunogenicity demonstrated with the BN-CV301 

vaccine described here in advanced and diverse cancer patients in this phase 1 trial supports 

the use of this vaccine in combination immunotherapy studies in more homogeneous 

patients and the safety supports its use in less advanced cancer settings.

With the limitations of the small number of patients treated, a correlation between the dose 

of vaccine administered and percentage of patients developing an immune response is noted 

in this trial, consistent with a previous phase 1 trial studying a similar vaccine construct 

encoding a different TAA, brachyury (33). In both trials the three dose levels explored used 

one, two and four injection sites with the aim of minimizing the severity of the injection site 
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reactions, resulting in the activation of an increasing number of lymph node regions. 

Experimental evidence in mice has shown a significant correlation between the number of 

draining lymph node areas and the number of induced T-cells (34). This intriguing 

observation raises the possibility of some confounding between a pure dose-effect and the 

number of lymph nodes involved as determinants of the T-cell response magnitude.

Mutations in the KRAS proto-oncogene are found in many cancers including CRCs (30–

40%), pancreatic cancers (90%) and NSCLC (25%) (35,36). Due to our referral pattern, this 

trial was unintentionally enriched for gastrointestinal tumors. Generally, KRAS mutations 

are associated with worse clinical outcomes and resistance to traditional therapies (35,37–

40). Moreover, despite their prevalence, to the best of our knowledge no therapeutic agent to 

date has shown clinical benefit specifically for KRAS mutant cancers.

While this trial was small (n = 12 total with six KRAS mutant, four KRAS wildtype and two 

tumors with undetermined KRAS status), there appears to be a trend to longer time to 

progression for patients with KRAS mutant cancers as compared to patients with KRAS 

wildtype cancers (median time on trial 22 weeks in KRAS mutated vs 6 weeks in KRAS 

wildtype; p=0.076; Fig. 1B). This is worth noting since anti-PD-L1 therapies to date have 

shown no efficacy in MSS CRC with objective response rates of 0% and a median 

progression-free survival of 10 weeks (41). This early evidence suggests that a MUC1/CEA 

vaccine has the potential to produce durable clinical benefit (prolonged SD or PR) in KRAS 

mutant cancers. To our knowledge, no one to date has described this finding of clinical 

benefit with a vaccine targeting MUC1 or CEA in this population. Previously, Takahashi et 

al. demonstrated that KRAS mutated tumors have higher MUC1 expression than KRAS 

wildtype tumors (42). Downregulation of MUC1 expression is associated with reversal of 

EMT, reversal of an immunosuppressive tumor microenvironment and decreased tumor cell 

growth in KRAS mutant, NSCLC (2,3,43). We hypothesize that higher MUC1 expression 

enabled a more robust immune response to the TAAs contained in the vaccine. Vaccine-

induced MUC1 immune responses also trended higher in tumors with KRAS mutations 

compared to those with KRAS wildtype.

Due to the heterogeneity in patient populations and the relatively small number of patients in 

each trial, it is difficult to draw strong conclusions in comparing the original PANVAC 

vaccine to BN-CV301. An ELISPOT assay was used to measure immune responses to CEA 

and MUC1 in the PANVAC trials. This assay was capable of measuring only CD8+ 

responses to HLA-A2 Class I patients using 9-mer peptides. Subsequent to those studies, we 

have developed a flow cytometry–based assay employing 15-mer peptides; this assay is 

capable of measuring both CD4+ and CD8+ T-cell responses, regardless of Class I or Class II 

type (27,33). Nonetheless, in the pilot study of PANVAC (15), 3/8 (38%) of patients 

analyzed developed T-cell responses to CEA, and 4/14 (29%) of patients developed T-cell 

responses to MUC1. In two additional studies of PANVAC (13,14), 5/33 (15%) of patients 

developed CEA-specific T-cell responses and 1/3 developed MUC1-specific T-cell 

responses. In this BN-CV301 trial, 11/12 (92%) of patients developed T-cell responses to 

CEA, and 11/12 (92%) of patients also developed T-cell responses to MUC1.
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As previously mentioned, the phase 1b component of this trial combines BN-CV301 with 

pembrolizumab or nivolumab. Following progressive disease on BN-CV301, two patients 

with KRAS mutant, MSS CRC were transitioned to another trial evaluating an anti-PD-L1 

agent and subsequently had prolonged SD. BN-CV301 is hypothesized to induce TAA-

specific T-cells to migrate to the tumor. Combining BN-CV301 with anti-PD-1/L1 blockade 

therapy may augment these T-cell‒mediated clinical responses. These early clinical data 

further support the potential clinical benefit of combining BN-CV301 with anti-PD-L1 

therapies. Both patients remained on this anti-PD-L1 therapy ≥ 40 weeks, exceeding 

expectations based upon published data.

In conclusion, the BN-CV301 vaccine can be safely administered to patients with advanced 

cancer in a prime-boost regimen. Side effects were mild to moderate and self-limited. 

Immune analysis demonstrated a high level of immunogenicity induced by the BN-CV301 

vaccine. The BN-CV301 vaccine may have clinical benefit as monotherapy or in 

combination with anti-PD-1/L1 agents. A recent study by Massarelli et al (44) has shown the 

clinical benefit in the use of a therapeutic cancer vaccine with checkpoint inhibition in 

patients with HPV+ cancers. Further trials of the vaccine in combination with other agents 

are planned based on the results of preclinical data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance:

BN-CV301 is a poxviral-based vaccine containing transgenes encoding for MUC1 and 

CEA. The predecessor of BN-CV301, PANVAC, was modified to improve safety and 

immune responses. The amino acid sequences in the CEA and MUC1 tumor associated 

antigens, including those in the MUC1-C region, were modified to produce a stronger 

immune response. The C-terminal transmembrane unit of MUC1 (MUC1-C) is important 

for cell growth, cell survival and functions as an oncoprotein. In this trial, BN-CV301 

activated CD8+ and CD4+ T-cells against MUC1 and CEA and to a cascade antigen 

brachyury. Furthermore, we saw preliminary evidence of clinical efficacy in colorectal 

cancer, a traditionally “cold” tumor, both as a single agent and followed by an anti-PD-L1 

antibody. This phase 1 trial demonstrated that the BN-CV301 vaccine can be safely 

administered to patients with advanced cancer. Further trials of the vaccine in 

combination with other agents are planned.
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Figure 1. BN-Phase I schema and clinical outcomes.
(A) BN-CV301 Phase I study schema. (B) Progression-free survival on BN-CV301 for 

individual patients by KRAS status. Post-hoc KRAS analysis performed with an exact two-

tailed log-rank test suggests there is a trend towards a difference by KRAS status but is 

limited by sample size.
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Figure 2. 

Gatti-Mays et al. Page 21

Clin Cancer Res. Author manuscript; available in PMC 2020 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Two patients with KRAS mutation, MSS mCRC had a ≥ 35% decrease in tumor markers 

associated with prolonged stable disease after treatment with BN-CV301 followed by an 

anti-PD-L1 antibody.

Patient #1: A 62-year-old female with KRAS MT, MSS CRC with progressive disease 

despite 6 prior regimens (DL=1). She had an initial decrease in CEA (A) and an 

unconfirmed partial response at the first restaging (6 weeks; B) followed by growth of a non-

target lesion (new mediastinal adenopathy) at the 12-week restaging. The patient then 

enrolled on an anti-PD-L1 trial and experienced a subsequent decrease in CEA as well as a 

radiographic response (C) to treatment with necrosis of mediastinal adenopathy and 

decreasing tumor markers at week 12 of treatment with the anti-PD-L1 antibody. This 

patient had stable disease for 43 weeks while on an anti-PD-L1 antibody. Patient #2: A 54-

year-old female with KRAS MT, MSS CRC with progressive disease despite 8 prior 

regimens (DL=1). While on BN-CV301 trial, CEA and tumor burden were stable but the 

patient eventually developed progressive disease at 26 weeks. Patient was then enrolled on 

an anti-PD-L1 trial and experienced a subsequent decrease in tumor markers (D and E). 

Radiographically the patient has continued stable disease on the anti-PD-L1 antibody 

ongoing at 71 weeks. Prior trials have found a median progression-free survival of 10 weeks 

(2.2 months) in patients with MSS, mCRC who receive an anti-PD-L1 antibody. Blue dotted 

lines represent baseline tumor markers.
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Figure 3. 
Magnitude and breadth of combined antigen-specific CD4+ and CD8+ T-cell responses post- 

(vs pre) BN-CV301 (MVA-BN-CV301/FPV-CV301) vaccine.

(A) Seven patients were tested and TAA responses compared both at 6 weeks (2 weeks after 

the 2nd MVA-BN-CV301 prime, red) and 10 weeks (2 weeks after the 1st FPV-CV301 boost, 

blue). The absolute number of CD4+ and/or CD8+ T-cells producing IFNγ, TNF, or IL-2, or 

positive for the degranulation marker CD107a per 1 × 106 PBMC plated at the start of the 

stimulation assay was calculated. Any background signal (obtained with the HLA peptide 

pool) and any signal obtained prior to vaccination was subtracted ([post-TAA – post-HLA] – 

[pre-TAA – pre-HLA]). Each point indicates the magnitude of a cytokine/CD107a measure, 

with 8 measures assessed per patient (CD8+IFNγ+, CD8+TNF+, CD8+IL-2+, CD8+CD107a
+, CD4+IFNγ+, CD4+TNF+, CD4+IL-2+, CD4+CD107a+). Frequency of positive measures 

(>250 CD4+ and CD8+ T-cells producing cytokine and/or positive for CD107a) is indicated. 

(B) Polyfunctional TAA responses (CD4+ and CD8+ T cells expressing 2 or more of the 

following: IFNγ, TNF, IL-2, or CD107a) were measured before and after any time point 

post-vaccination in all 12 patients. The frequency of patients developing a low, mid, or high 

magnitude of multifunctional TAA-specific T-cells after vaccination at any time point post- 

vs pre- is indicated. (C) TAA responses in 4 patients with known wild type KRAS (Black) 

and six patients with known/presumed KRAS mutations (Purple) were compared at 6 weeks 

(2 weeks after the 2nd MVA Prime). The absolute number of CD4+ or CD8+ T-cells 

producing IFNg, TNF, or IL-2, or positive for the degranulation marker CD107a per 1×106 

PBMC plated at the start of the stimulation assay was calculated. Each point indicates the 

magnitude of a cytokine/CD107a measure, with 8 measures assessed per patient. Frequency 

of positive measures (>250 CD4+ and CD8+ T-cells producing cytokine and/or positive for 

CD107a) is indicated.
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Table 1.

Patient demographics (n = 12)

n (%)

Female 6 (50.0%)

Age in years, mean (range) 56.0 (39 to 77)

Race

 White 6 (50.0%)

 Black 3 (25.0%)

 Other 3 (25.0%)

Ethnicity: Hispanic 1 (8.3%)

Tumor Type

 MSS Colorectal Cancer 7 (58.3%)

 Appendiceal Cancer 2 (16.7%)

 Pancreatic Cancer 1 (8.3%)

 Endometrial Cancer 1 (8.3%)

 Salivary Gland Cancer 1 (8.3%)

De novo metastatic at diagnosis 6 (50.0%)

Cancer Treatment

 Prior number of regimens, mean (range) 4.2 (1 to 8)

 Patients with Prior Immunotherapy 6 (50.0%)

 Patients on maintenance chemotherapy 1 (8.3%)

n (%) unless otherwise stated; MSS, microsatellite stable
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Table 2:

Individual patient responses

Patient information DL Time to progression
(weeks)

Best clinical response
(Δ target lesions from baseline)

KRAS mutation

MSS colorectal cancer 1 12 PR* at 6 wk (−38%)

MSS colorectal cancer 1 26 SD at 12 wk (−4%)

Appendiceal cancer 3 6 PD at 6 wk (+6% + new)

Pancreatic cancer 3 18 SD at 6 wk (−20%)

Appendiceal cancer on capecitabine + bevacizumab 3 80+ SD at 12 wk (−8%)

MSS colorectal cancer 3 82+ PR at 82 wk (−30.6%)

KRAS wildtype

MSS colorectal cancer 2 6 PD at 6 wk (+23%)

MSS colorectal cancer 2 6 PD at 6 wk (+7% + new)

MSS colorectal cancer 2 18 SD at 6 wk (+11%)

MSS colorectal cancer 3 6 PD at 6 wk (+27%)

KRAS unknown or not tested

Endometrial cancer 1 6 PD at 6 wk (+13%)

Salivary gland cancer 3 12+ SD at 12 wk (−2%)**

PR*, unconfirmed partial response; + ongoing treatment on trial; DL, dose level (DL1 = 1 MVA-BN-CV301 injection, DL2 = 2 MVA-BN-CV301 
injections, DL3 = 4 MVA-BN-CV301 injections); MSS, microsatellite stable; SD, stable disease; PD, progressive disease; PR, partial response; wk, 
week; new, new lesion; **tumor resected at 13 weeks on trial. Patient remained on trial with no measurable disease but at high risk of recurrence.
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