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ABSTRACT
Multiple immunotherapeutics have been approved for cancer patients, however advanced solid tumors
are frequently refractory to treatment. We evaluated the safety and immunogenicity of a vaccination
approach with multimodal oncolytic potential in non-human primates (NHP) (Macaca fascicularis).
Primates received a replication-deficient adenoviral prime, boosted by the oncolytic Maraba MG1
rhabdovirus. Both vectors expressed the human MAGE-A3. No severe adverse events were observed.
Boosting with MG1-MAGEA3 induced an expansion of hMAGE-A3-specific CD4+ and CD8+ T-cells with
the latter peaking at remarkable levels and persisting for several months. T-cells reacting against
epitopes fully conserved between simian and human MAGE-A3 were identified. Humoral immunity
was demonstrated by the detection of circulating MAGE-A3 antibodies. These preclinical data establish
the capacity for the Ad:MG1 vaccination to engage multiple effector immune cell populations without
causing significant toxicity in outbred NHPs. Clinical investigations utilizing this program for the treat-
ment of MAGE-A3-positive solid malignancies are underway (NCT02285816, NCT02879760).
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Introduction

Immunotherapy is revolutionizing the care of cancer patients by
(re-)educating the host’s immune system to selectively destroy
malignant cells and establish long-lasting memory. Less than a
decade ago, dacarbazine was considered standard-of-care treat-
ment for metastatic melanoma with 5-year survivals of 5–10%.1,2

Since then, checkpoint inhibitors have supplanted dacarbazine
and quadrupled long-term survival.3–6 Although checkpoint
inhibitors have garnered much attention,1,2,7 other biotherape-
tics have been approved including immunostimulatory
cytokines,8 monoclonal antibodies,9 cancer vaccines,10 oncolytic
virotherapy 11,12 and chimeric antigen receptor (CAR) T-cell
therapy.13 All these approaches invoke immunity through non-
redundant mechanisms of action. In spite of this remarkable
progress, many patients will continue to be diagnosed with

incurable disease, thus dictating the need for next-generation
medicines capable of engaging multiple effector mechanisms.

Ourselves and others have reported on innovative strate-
gies that combine cancer vaccination with oncolytic
virotherapy.14–22 Our approach relies on a heterologous
prime:boost immunization involving two viruses expressing
the same tumor-associated antigen (TAA).14,17,20 A replica-
tion-deficient type-5 human adenoviral (Ad) vaccine is admi-
nistered intramuscularly to prime against a TAA.
Subsequently, an oncolytic viral vaccine derived from the
MG1 strain of the rhabdovirus Maraba, and expressing the
same TAA, is administered intravenously. The therapeutic
activity of oncolytic Maraba MG1 results from multimodal
mechanisms: i) systemic administration delivers MG1 to the
tumor bed resulting in selective direct oncolysis;14,20,23–27 ii)
infection of tumors by MG1 reprograms the tumor
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microenvironment (TME) rendering it susceptible to the
recruitment and activation of innate and adaptive mediators
of antitumor immunity 14,28–30 and iii) circulating MG1
accesses secondary lymphoid organs and rapidly engages the
central memory compartment thereby boosting Ad-primed
adaptive antitumor immunity.31 Maraba MG1 has a well-
established safety profile within rodents and demonstrates
broad oncolytic activity against multiple human and murine
cancer cell lines,14,20,23–25,32,33 primary tumor biopsies,14,23,28

as well as xenograft and syngeneic tumor models in mice.23–25,
28,29 When administered as an oncolytic vaccine, MG1 exerts
remarkable efficacy with complete regressions achieved in
aggressive immunocompetent models of melanoma and
HPV-positive cancer.14,20 The present work enabled appraisal
of the safety and immunogenicity of oncolytic vaccination in
an outbred population of cynomolgus macaques (Macaca
fascicularis), with increased biologic relevance to humans,
enabling the translation of this treatment into a first-in-man
clinical trial.

Cancer-testis (CT) antigens have multiple properties mak-
ing them a favorable target for immunotherapy. Melanoma-
associated antigen A3 (MAGE-A3) is amongst the most inten-
sely studied CT antigens in oncology.34 Vaccination against
MAGE-A3 is theoretically auspicious as MAGE-A3 i) is not
expressed in healthy adult tissues (with the exception of MHC-
negative testicular germ cells and placental trophoblasts), ii) is
aberrantly expressed in many malignancies (melanoma, lung
carcinoma and multiple other histotypes) and iii) is considered
to have high immunogenic potential.34,35 In this study, Ad and
MG1 viral vectors encoding human (h) MAGE-A3 (Ad-
MAGEA3 and MG1-MAGEA3, respectively) were manufac-
tured and administered to non-human primates (NHPs).

The Ad-MAGEA3:MG1-MAGEA3 prime-boost strategy
was well tolerated with no severe treatment-related adverse
events. Immune responses of both CD4+ and CD8+ T-cell
subsets as well as humoral immunogenicity were detected
against hMAGE-A3 in all macaques. Circulating CD8+ T-cell
populations specific for multiple MAGE-A3 epitopes
expanded remarkably following MG1-MAGEA3 and
remained detectable until necropsy. Reactivity against
MAGE-A3 epitopes fully conserved between the human anti-
gen expressed by the vaccine vectors and the macaque homo-
log of the host were pinpointed. Such observation validated
the ability of the Ad:MG1 approach to induce auto-reactive
MAGE-A3 T-cells; a critical propensity for anticancer vac-
cines targeting “self antigens”. Multi-parameter immune ana-
lyses and comprehensive safety profiling data reported here
have informed clinical trial design for the treatment of various
advanced solid neoplasms with oncolytic MAGE-A3 vaccina-
tion (NCT02285816 and NCT02879760).

Results

Ad-MAGEA3:MG1-MAGEA3 vaccination was well
tolerated by non-human primates

Eight macaques were randomized to receive MG1-
MAGEA3 alone, the remaining 20 were treated with
MG1-MAGEA3 following Ad-MAGEA3 prime (Ad-

MAGEA3:MG1-MAGEA3) at three different intervals
(Figure 1A). Animals were also assigned to a low (1x1010

PFU) or high (1x1011 PFU) dose of MG1-MAGEA3,
infused twice at 3-day intervals. No adverse events were
observed during the administration of Ad-MAGEA3 or
MG1-MAGEA3. Of the 8 primates treated with MG1-
MAGEA3 alone, 87.5% experienced weight loss (5 x grade
1/2, 2 x grade 3/4; Table S1). Conversely, only 25% of the
20 macaques treated with Ad-MAGEA3:MG1-MAGEA3
experienced weight loss (all grade 1/2; Table S1). The
degree and duration of weight loss was greater in animals
treated with MG1-MAGEA3 alone compared to Ad-
MAGEA3:MG1-MAGEA3 (p = 0.006; Figure 1B). Weight
loss was not associated with the dose of MG1-MAGEA3
(p = 0.729; Figure 1C). Eighty-seven percent (n = 7/8) of
the primates administered with MG1-MAGEA3 alone
experienced fever shortly after virus delivery (Figure 1D).
To a lesser extent, pyrexia was observed in 35% (7/20) of
the macaques treated with Ad-MAGEA3:MG1-MAGEA3
(Figure 1D). The dose of MG1-MAGEA3 did not impact
pyrexia (Figure 1E). Only 3 primates out of the 28 experi-
enced fever at both MG1-MAGEA3 infusions. Episodes of
pyrexia remained acute with only two events still present at
24 hours post-MG1-MAGEA3 delivery. Some animals
experienced emesis, diarrhea, and constipation (Grade 1/2)
within the first 3 days after MG1-MAGEA3 administration
(Table S1). Two animals, M-hi 2 (macaque #2 of the cohort
that received high-dose MG1-MAGEA3 – Figure 1A) and
AM2w-hi 1 (macaque #1 of the cohort infused with high-
dose MG1-MAGEA3 two weeks after delivery of Ad-
MAGEA3 – Figure 1A), presented with paresis of one of
their upper extremities at day 39 and 59 post-MG1-
MAGEA3, respectively, with no other associated pathology
(Table S1). The neurologic deficits improved over time and
completely resolved in one animal. These were attributed to
trauma from restraint during venipuncture. No neurologic
alterations were observed in other animals. The summary of
constitutional adverse events is presented in Table S1.
Across both treatment arms, there was a probable MG1-
MAGEA3-related decline in circulating neutrophils and
lymphocytes (Fig. S1A-1D). Six animals developed transient
neutropenia. However, circulating neutrophils decreased in
all animals following the first infusion of MG1-MAGEA3,
regardless of the dose (Fig. S1A and S1B). A transient
decrease in circulating lymphocytes was noted in only 2
animals after the first MG1-MAGEA3 dose. The reduction
of the lymphoid population was less pronounced than the
neutrophils (Fig. S1C and S1D). Total leukocyte counts also
tended to diminish following MG1-MAGEA3 treatment,
being most apparent in Ad-MAGEA3-pre-treated animals,
independently of MG1-MAGEA3 dose (Fig. S1E and S1F).
Transient and clinically silent grade 1/2 elevations of ALT
were documented in both groups (data not shown). One
primate had a chronic high-grade elevation of ALT that
pre-dated vaccination, this animal was diagnosed
histologically with intrahepatic hemosiderosis. Overall,
MG1-MAGEA3 was well tolerated by primates with only
low-grade adverse events ascribed to animals receiving
Ad-MAGEA3:MG1-MAGEA3.
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Figure 1. Ad-MAGEA3 and MG1-MAGEA3 are well tolerated by non-human primates.
(A) Study timeline in cynomolgus macaques. MG1-MAGEA3 was infused twice (3 days apart) at low (1 x 1010 PFU; ‘lo”) or high (1 x 1011 PFU; “hi”) doses, either as a
standalone treatment (cohorts M-lo and M-hi; n = 4 each) or sequentially after receiving one intramuscular injection of 1 × 1010 PFU Ad-MAGEA3. For the latter setting, three
intervals between Ad-MAGEA3 and MG1-MAGEA3 injections were tested: 2 weeks (cohorts AM2w-lo and AM2w-hi; n = 4 each), 4 weeks (cohort AM4w-hi; n = 4) or 6 weeks
(cohorts AM6w-lo and AM6w-hi; n = 4 each). Blood samples were collected at the indicated time-points for immunogenicity assessments. Of note, the AM6w cohorts were
dedicated to assessing the immunogenicity of the Ad-MAGEA3:MG1-MAGEA3 prime-boost and were not enrolled in the toxicology study. Body weight change relative to
body weight at day 0 (cohorts M, AM2w and AM4w; n = 20) (B,C) and rectal temperatures (all macaques; n = 28) (D,E) by treatment arm (MG1-MAGEA3 alone versus Ad-
MAGEA3:MG1-MAGEA3 regardless of the interval) or MG1-MAGEA3 dose (low dose versus high dose regardless of the treatment arm). Fever was classified as a rectal
temperature ≥ 39.8°C (indicated by the horizontal dashed line). Body weight change is illustrated as mean ± SD and temperature as mean ± SEM. p-values (linear mixed
models) are indicated and were considered significant when p < 0.05. MAGE-A3, human melanoma-associated antigen, family A, member 3; PFU, plaque-forming unit.
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MG1-MAGEA3 bio-distribution and shedding

Multiple tissues from macaques were analyzed for viral bio-
distribution (Table S2). All animals had Maraba RNA viral
genomes detectable in the blood by RTqPCR (data not
shown). Among tissue subtypes, immune-related organs
(spleen and lymph nodes) were the most frequently positive
for MG1-MAGEA3 genomes (Fig. S2A). No detectable viral
plaques were identified in any of the tissues positive for MG1-
MAGEA3 by RTqPCR, indicating that the genomes identified
were non-replicating MG1-MAGEA3. No Ad-MAGEA3 gen-
omes were detected by qPCR in any tissue. All fecal samples
tested for MG1-MAGEA3 by RTqPCR were negative. MG1-
MAGEA3 genomes were detected in the urine of 3 animals
treated with high-dose MG1-MAGEA3, without replicating
virus being present (data not shown). MG1-MAGEA3 gen-
omes were detectable in the saliva of 43% (3/7) of the animals
that received low-dose MG1 and of 67% (8/12) of those
injected with high-dose Maraba (Fig. S2B). For all animals,
histopathological analyses revealed no indication of virus
infection or lesions of pathologic significance in any of the
tissues evaluated. Of note, there was no evidence of pathology
in the testes (MAGE-A3+ MHC– tissue) of any macaques, nor
was there evidence of pathology in the peripheral nerves of
the 2 animals that developed peripheral neuropathy. Overall,
despite the widespread distribution of MG1-MAGEA3 gen-
omes, no virally induced histologic pathology was detected.

Ad-MAGEA3 efficiently primed CD8+ T-cells against
human MAGE-A3

Ad-MAGEA3 and MG1-MAGEA3 were evaluated for their
ability to immunize naive macaques against hMAGE-A3.
Cellular hMAGE-A3-specific immune responses were
detected in the blood by quantifying CD4+ and CD8+

T-lymphocytes secreting interferon-γ (IFNγ) following ex
vivo re-stimulation with pools of hMAGE-A3 peptides
(Fig. S3A,B). Re-stimulation was performed without ex vivo
expansion of peripheral blood mononuclear cells (PBMCs).
Eight primates received only MG1-MAGEA3, either at low
(n = 4, cohort M-lo) or high (n = 4, cohort M-hi) doses
(Figure 1A). T-cell responses against hMAGE-A3 were mea-
sured before and 9 days after the first dose of the MG1
vaccine. As illustrated in the Figures 2A and 2B, no significant
hMAGE-A3-specific CD8+ T-cell response was detected fol-
lowing MG1-MAGEA3 prime, regardless of the dose, when
compared to pre-immune baseline (Figure 2A,B). Ad-
MAGEA3 priming efficacy was evaluated in the 20 macaques
enrolled in the five prime-boost cohorts: AM6w-lo, AM6w-hi,
AM2w-lo, AM2w-hi, AM4w-hi (Figure 1A). hMAGE-A3-spe-
cific T-cell populations were quantified before and 14 days
after intramuscular injection of Ad-MAGEA3. At day 14,
mean Ad-primed response was 4.46 ± 1.49 IFNγ+ CD8+

T-cells/µl blood and accounted for more than 0.5%
(0.62 ± 1.02%) of all total circulating CD8+ T-cells
(Figure 2C,D). Additionally, the prime response was evaluated
at day 28 post-Ad-MAGEA3 (AM4w-hi cohort (n = 4)) and at
day 42 (AM6w-lo and AM6w-hi cohorts (n = 8)). At these
later time-points, the reactive CD8+ T-cell population had

expanded in only 25% of the primates assessed (n = 3/12,
data not shown). Overall, the mean response remained stable
over a month after Ad-MAGEA3 (Figure 2C,D). Out of the 20
macaques, 17 (85%) displayed responses above pre-immune
baseline, ranging from 0.32 to 28.07 IFNγ+ CD8+ T-cells/µl
blood (Figure 2C and S4A,B). Ad-MAGEA3 was able to prime
specific CD8+ responses against multiple pools of hMAGE-A3
peptides (Fig. S4A-D). Primed CD8+ T-cells represented up to
4.25% of total circulating CD8+ T-lymphocytes (Figure 2D
and S4D). In conclusion, Ad-MAGEA3 was able to prime
significant CD8+ T-cell immunity in the majority of primates
against broad-ranging hMAGE-A3 epitopes.

MG1-MAGEA3 boosts hMAGE-A3 specific CD4+ T-cells

Specific hMAGE-A3 CD4+ T-cell immunity was also evaluated.
MG1-MAGEA3 alone failed to prime detectable CD4+

responses (data not shown). Mean priming of the CD4+

T-lymphocyte compartment following Ad-MAGEA3 injection
was of lower magnitude than the CD8+ subset (Figure 3A,B).
Of the 20 immunized macaques, 40% (n = 8) displayed reactiv-
ity above the pre-immune baseline with a maximum of 0.29
IFNγ+ CD4+ T-cells/µl blood observed in AM6w-lo 4
(Fig. S5A). All 20 macaques that received the Ad-MAGEA3
prime were boosted with MG1-MAGEA3 either at a 6-week
interval in the AM6w-lo and AM6w-hi cohorts, 4-week interval
in the AM4w-hi cohort, or 2-week interval in the AM2w-lo and
AM2w-hi cohorts (Figure 1A). MAGE-A3-specific T-cell
populations were quantified at day 5 (n = 20), 13 (n = 20) or
84 (n = 6) after intravenous MG1-MAGEA3. Ad-MAGEA3:
MG1-MAGEA3 boosted responses to a mean of 0.35 ± 0.06
reactive CD4+ T-cells/µl blood (approximately 0.1% of total
CD4+ T-lymphocytes) at day 5 post-MG1 (0.08 ± 0.06%;
Figure 3A,B). The mean boost response eventually contracted,
with a ~ 2-fold decrease observed by the following week:
0.16 ± 0.03 hMAGE-A3-activated CD4+ T-cells/µl blood
(0.04 ± 0.03% of total CD4+ T-lymphocytes) at day 13
(Figure 3A,B). CD4+ T-cell responses were undetectable at
d84 in samples analyzed from the AM2w-lo/hi (n = 4) and
AM4w-hi (n = 2) cohorts (Figure 3A). Overall, hMAGE-A3-
specifc CD4+ T-cells were detected in 85% of the primates post-
MG1 boost (17/20; Figure 3C). AM2w-lo 1 was the strongest
responder, with 1.26 IFNγ+ CD4+ T-lymphocytes/µl blood
specific for hMAGE-A3 accounting for 0.31% of total circulat-
ing CD4+ T-cells (Figure 3C,Dand Fig. S5B).

MG1-MAGEA3 stimulates humoral immunity

Humoral immunogenicity was assessed on serum samples.
None of the primates vaccinated with MG1-MAGEA3 alone
had detectable hMAGE-A3 antibodies (Fig. S6A). In contrast,
all macaques immunized with Ad-MAGEA3:MG1-MAGEA3
produced hMAGE-A3-specific immunoglobulins (Fig. S6A).
Ad-MAGEA3 priming was required to evoke anti-hMAGE-
A3 B-cell immunity (Fig. S6A,B). Although Ad-MAGEA3 vac-
cination did not uniformly induce detectable Th1 CD4+ T-cell
prime responses (Figure 3A and Fig. S5A), it was capable of
driving some detectable humoral responses. Similarly to cellu-
lar immunogenicity, consecutive administration of MG1-
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MAGEA3 significantly boosted production of antibodies tar-
geting hMAGE-A3 (Fig. S6B). There was no effect of gender,
age, prime-boost interval or dose of MG1-MAGEA3 on the
magnitude of circulating hMAGE-A3 antibodies (Fig. S6A).
However, the magnitude of B-cell responses corresponded to
the magnitude of hMAGE-A3-specific CD8+ T-cell responses
(Fig. S6A). Taken together, Ad-MAGEA3:MG1-MAGEA3 vac-
cination was able to engage Th1 and humoral effector cell
populations alongside activation of CD8+ T-cells from the
endogenous immune system of outbred primates.

MG1-MAGEA3 boosting leads to marked expansion of
MAGE-A3-specific CD8+ T-cells

Kinetics of the hMAGE-A3-specific CD8+ T-cell expansion in
the prime-boost cohorts were evaluated. Prior to MG1-
MAGEA3 boost (day 0), Ad prime responses were documented
at a mean of 2.77 ± 0.97 IFNγ+ CD8+ T-lymphocytes/µl blood
which represented slightly more than 0.5% (0.72 ± 1.22%) of

circulating CD8+ T-cells (Figure 4A,B). Five days after the first
infusion of MG1-MAGEA3, the mean reactive CD8+ T-cell
population underwent a 4-fold increase, reaching 10.94 ± 3.78
cells/µl blood and represented more than 2% of total circulating
CD8+ T-cells (2.4 ± 3.26%; Figure 4A,B). One week later (day
13), the mean response had contracted (Figure 4A). However,
hMAGE-A3-specific CD8+ T-lymphocytes persisted at a mag-
nitude comparable to pre-boost until necropsy at almost three
months (d84) after MG1-MAGEA3 boost (Figure 4A). At these
later time-points, the reactive cell population accounted for
approximately 0.5% of total circulating CD8+ T-lymphocytes
(Figure 4B). At the individual level, this acute expansion-con-
traction occurred in 70% (14/20) of the macaques as illustrated
by AM6w-lo 4 (Figure 4C). In the remaining 30% primates, we
recorded either a slower expansion of the hMAGE-A3-educated
CD8+ T-cell population, peaking later than 5 days post-boost (3/
20 = 15%; Figure 4D), or no significant expansion post-boost (3/
20 = 15%; Figure 4E). Overall, Ad-MAGEA3:MG1-MAGEA3
vaccination induced specific immunity in all macaques with

Figure 2. Ad-MAGEA3 primed CD8+ T-cell population against hMAGE-A3.
hMAGE-A3-specific CD8+ T-cell responses were detected by intracellular staining of IFNγ following ex vivo re-stimulation with pools of overlapping peptides
covering the full length MAGE-A3 antigen. (A,B) Pre-immune and MG1-MAGEA3-mediated prime responses against hMAGE-A3 were measured before and
9 days after receiving MG1-MAGEA3. MG1-MAGEA3 was delivered systemically at two doses (3 days apart) of 1e10 PFU to the M-lo cohort (n = 4, A) or 1e11
PFU to the M-hi cohort (n = 4, B). (C,D) The Ad-MAGEA3 vaccine was administered intramuscularly at 1e10 PFU to a total of 20 macaques in the AM2w-lo,
AM2w-hi, AM4w-hi, AM6w-lo and AM6w-hi cohorts. CD8+ T-cell responses against hMAGE-A3 were measured before and 14 days after Ad-MAGEA3
administration. Ad-MAGEA3-mediated prime response was also measured at day 28 in the AM4w-hi cohort (n = 4) and at day 42 in the AM6w-lo and
AM6w-hi cohorts (n = 8). Mean hMAGE-A3-specific prime response is displayed both as the count (cells per µl of blood; C) and as the frequency (% among
total circulating CD8+ T-cell population); D) of IFNγ-producing CD8+ T-lymphocytes. Histograms represent mean ± SD. p-value considered non significant (NS)
when > 0.05; **p < 0.01 (Wilcoxon’s paired test for A and B; Dunn’s test for C and D). hMAGE-A3, human melanoma-associated antigen, family A, member 3;
IFNγ, interferon gamma; PFU, plaque-forming unit.
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some variations in the kinetics. Observed responses ranged
between 0.48 and 76.24 IFNγ+ CD8+ T-cells/µl blood (med-
ian = 5.67; Figure 4F,G). In the 10 weakest responders, median
reactivity against hMAGE-A3 comprised 0.68% of all circulating
CD8+ T-cells (Figure 4H). In the 10 strongest responders,
median reactive lymphocyte population represented 3.55% of
all circulating CD8+ T-cells, ranging between 1.26% and a
remarkable maximum of 13.47% in AM6w-lo 4 (Figure 4I). In
the 17 macaques that exhibited definitive boosting, reactive
CD8+ T-cells expanded by a mean fold of 26.83 ± 57.55 post-
boost (Figure 4J). Boost fold magnitude varied significantly,
ranging between 1.45 and 200, with a median at 7.35
(Figure 4J). In conclusion, Ad-MAGEA3:MG1-MAGEA3 vac-
cination was 100% immunogenic, inducing remarkable CD8+

T-cell expansions against the tumor antigen with durability
observed over several months.

Factors impacting the magnitude and quality of vaccine-
induced cellular immunity

Additional analyses were performed to interrogate the effects
of experimental variables and individual characteristics of
macaques on the induced hMAGE-A3 cellular immunity.
Variations in gender, age, interval between Ad-MAGEA3
and MG1-MAGEA3 administration and the dose of MG1
did not affect vaccine immunogenicity (data not shown).
However, predominant reactivity against MHC-I-restricted
epitope(s) located in the N-terminal region covered by the
pool of peptides 11–20 was associated with weaker CD8+

T-cell boost responses (macaques AM6w-lo2, AM6w-hi1 and
AM6w-hi2, Figure 5A). Thus, individual variables affecting
antigen presentation and/or recognition were implicated as
determinants for the magnitude of cellular immunity.

Figure 3. Ad-MAGEA3:MG1-MAGEA3 induced CD4+ T-cell reactivity against hMAGE-A3.
hMAGE-A3-educated CD4+ T-cells were quantified by intracellular staining of IFNγ following ex vivo (re-)stimulation with pools of overlapping peptides covering the
full length MAGE-A3 antigen. (A, B) Kinetics of CD4+ T-cell responses against hMAGE-A3 in the 20 macaques that received the Ad-MAGEA3:MG1-MAGEA3. Response
is displayed both as the count (cells per µl of blood; A) and as the frequency (% among total CD4+ T-lymphocytes; B) of IFNγ-producing CD4+ T-lymphocytes.
Histograms show mean ± SD. p-value (Dunn’s test) considered non significant (NS) when > 0.05; *p < 0.05, ***p < 0.001, ****p < 0.0001. (C, D) Peak CD4+ T-cell
boost responses against hMAGE-A3 in each individual macaque, ranked according to their magnitude expressed as absolute count per µl of blood (C). Corresponding
MG1-MAGEA3 boost responses expressed as the frequency (%) of reactive cells inside the total CD4+ T-cell population (D). Bars illustrate the number of IFNγ-
producing CD4+ T-cells per µl blood, with the dashed line indicating pre-immune baseline (set to 0.1 reactive CD4+ T-cells/µl blood). Sub-responses to each of the
nine peptide pools used for antigenic (re-)challenge are color-coded: pool 1–10 in red, pool 11–20 in white, pool 21–30 in pink, pool 31–40 in green, pool 41–50 in
blue, pool 51–60 in yellow, pool 61–70 in purple, pool 71–80 in orange and pool 81–87 in grey. hMAGE-A3, human melanoma-associated antigen, family A, member
3; IFNγ, interferon gamma.
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Figure 4. Marked expansion of the hMAGE-A3-specific CD8+ T-cell population following MG1-MAGEA3 boost.
(A,B) Kinetics of CD8+ T-cell responses against hMAGE-A3 in 20 macaques treated with Ad-MAGEA3:MG1-MAGEA3. Response is displayed both as the count (cells per
µl of blood; A) and as the frequency (% among total CD8+ T-lymphocytes; B) of IFNγ-producing CD8+ T-lymphocytes. Histograms represent mean ± SD. p-value
(Dunn’s test) considered non significant (NS) when > 0.05; *p < 0.05, **p < 0.01. (C-E) Illustrations of the three different kinetics of the boost response witnessed
across the vaccinated macaques. (F, G) Peak CD8+ T-cell boost responses against hMAGE-A3 in each individual macaque, ranked according to their magnitude with
bottom 10 and top 10 responders respectively displayed in the panels F and G. (H, I) Corresponding MG1-MAGEA3 boost responses expressed as the frequency (%)
of reactive cells inside the total CD8+ T-cell population. (C-I) Sub-responses to each of the nine pools of hMAGE-A3 peptides used for antigenic re-stimulation are
color-coded: pool of peptides 1–10 in red, 11–20 in white, 21–30 in pink, 31–40 in green, 41–50 in blue, 51–60 in yellow, 61–70 in purple, 71–80 in orange and
81–87 in grey. (J) Fold by which hMAGE-A3-reactive CD8+ T-cell population expanded between day 0 and the peak response day following MG1-MAGEA3 boost. In
the absence of any detectable prime response in AM2w-lo 2, its boost fold was arbitrarily set to 200. Red dashed line illustrates boost fold of 1 (i.e. failure of MG1
boost). Green dotted line and dashed line illustrate median and mean boost folds, respectively. hMAGE-A3, human melanoma-associated antigen, family A, member
3; IFNγ, interferon gamma.
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Additionally, the quality of the CD8+ T-cell immunity
induced by Ad-MAGEA3:MG1-MAGEA3 vaccination was
evaluated by the ability of reactive immune cells to produce
not only IFNγ but also TNFα (Figure 5B). As illustrated in the
Figure 5C, the quality of the mounted hMAGE-A3 boost
response was remarkable with an average of 62 ± 21% of the
IFNγ+ reactive CD8+ T-cells co-secreting TNFα. In 65% of
macaques (13/20), the majority of MAGE-3-specific circulat-
ing CD8+ T-cells were dual cytokine positive. Interestingly,
T-cell quality was independent of the magnitude of the
immune response (Figure 5C). Additionally, the quality of
the induced cellular immunity was independent of gender,
MG1 dose and the prime-boost interval (data not shown).
However, the frequency of IFNγ+ TNFα+ double positive
CD8+ T-lymphocyte population was lower in the youngest
primates (Figure 5D). Taken together, Ad-MAGEA3:MG1-
MAGEA3 vaccination was broadly immunogenic in an NHP
population with varied biologic and genotypic characteristics.

Ad-MAGEA3:MG1-MAGEA3 induces auto-reactive T-cells

To further appraise the potential clinical relevance of oncolytic
vaccination, the ability to invoke populations of auto-reactive T-
cells was tested. For this purpose, T-cell epitope mapping of the
hMAGE-A3 was performed. Blood from 16 out of the 20 maca-
ques that received Ad-MAGEA3 plus MG1-MAGEA3 was col-
lected (the four weakest responders were excluded). Circulating
simian T-cells were re-stimulated for 24 hours with each indivi-
dual peptide of the hMAGE-A3 peptide library. Immunogenicity
and relative immune dominance of every peptide was character-
ized by ELISpot (Figure 6A). Subsequently, peptides with
sequence homology between human and macaque were identi-
fied by blasting the H. sapiens MAGE-A3 reference sequence
(accession number: P43357) against the NCBI protein database
and allowed identification of three M. fascicularis MAGE-A3
sequences (accession numbers: XP_005594921, XP_015299818,
XP_005594918). Sequence alignment revealed that the 314
amino acids of the human and cynomolgus MAGE-A3 were
89% identical (Fig. S3B). Highly conserved regions were encom-
passed within 17 of the 87 peptides. Among them, eight peptides
shared sequence identity (#31–36, 42, 61) while the other nine
differed by only one amino acid located at the N- or C-terminal
extremity (#6, 26, 27, 30, 53, 60, 73, 77, 78; Fig. S3A). Fourteen of
16 macaques (88%) that received Ad-MAGEA3:MG1-MAGEA3
demonstrated T-cell reactivity against highly conserved MAGE-
A3 peptides (Figure 6B). With the exception of peptide #32,
cellular immunogenicity was observed at least once against
each of the highly conserved peptides (Figure 6B). T-cell
responses against conserved peptides were mostly subdominant
compared to non-conserved peptides. Although such an obser-
vation was predictable, strong subdominant immunogenicity
against conserved regions (magnitude ≥ 50% compared to the
immunodominant peptide response) was documented in 7 ani-
mals (44%). Remarkably, immunodominant reactivity against
the fully conserved peptide #42 was observed at day 84 post-
MG1-MAGEA3 in AM6w-hi4 (Figures 6A and B). Peptides #42,
#36 and #78 were the most frequently immunogenic sequences
amongst highly conserved peptides, with specific T-cell
responses detected for each peptide in 5 macaques (31%).

These data illustrate the ability of the Ad-MAGEA3:MG1-
MAGEA3 vaccination to induce populations of auto-reactive
T-cells in primates.

Discussion

Due to their multi-faceted mechanisms of action and ability to
engage the endogenous immune system, various oncolytic
viruses (OVs) are undergoing clinical assessment.36 Two
phase I/II clinical trials using the MAGE-A3 oncolytic vacci-
nation platform are underway. The first utilizes the oncolytic
Maraba MG1-MAGEA3 vaccine, either alone or following
Ad-MAGEA3, for the treatment of patients with advanced
MAGE-A3-positive solid malignancies (NCT02285816). The
second is evaluating the treatment of MAGE-A3-positive non-
small cell lung cancer (NSCLC) in combination with pembro-
lizumab (NCT02879760). The comprehensive safety profile
and potent immunogenic properties documented herein
were key facilitators to enable the launch of these first-in-
man studies.

Following systemic administration of 1 × 1010 PFU (low
dose) or 1 × 1011 PFU (high dose) MG1-MAGEA3, only mild
and transient constitutional adverse events were recorded.
Anorexia, fever, vomiting, diarrhea and constipation were
amongst the most commonly encountered side effects, how-
ever no apparent association with the dose of MG1-MAGEA3
and frequency or severity of adverse events was noted. Pyrexia
was more frequently observed in animals receiving MG1-
MAGEA3 alone but remained short-lived in all cases.
Weight loss was also more frequent in primates receiving
MG1-MAGEA3 alone with the only grade III/IV events
recorded in this cohort. One potential explanation for the
beneficial effect of priming lies in the host’s immune response
to the OV. When Ad is used to prime a response against an
antigen that is also encoded within the OV, cellular immunity
is skewed towards the antigen and away from the oncolytic
vector. Conversely, when the OV encoding the antigen is
administered alone, immunity is dominated by a vector-cen-
tric response.17 In light of this information, more marked
physiologic inflammatory sequelae may be anticipated when
MG1-MAGEA3 is administered without priming. Mild and
self-limiting increases in circulating ALT (with the exception
of one animal that was co-incidentally diagnosed with an
unrelated hepatopathy) were also noted. No morphologic
hepatic pathology was observed and the reasons for increases
in transaminase activity are unclear. Nonetheless, such bio-
chemical changes will be closely monitored within the clinic.
Temporary neutropenia was documented in some of the ani-
mals and appeared independent of MG1-MAGEA3 dose. In
all cases, neutrophils returned to within normal reference
range. Clinically, viral infections are considered a common
differential for neutropenia,37 so transient iatrogenic neutro-
penia following MG1-MAGEA3 is expected. Oncolytic vacci-
nation was well tolerated and priming enhanced the safety
profile thus highlighting the possibility of clinically escalating
Maraba MG1 doses in the prime:boost setting.

All primates were carefully evaluated for any signs of neu-
rotoxicity. Neurovirulence of the prototypical rhabdoviral
family member, vesicular stomatitis virus (VSV) has been
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Figure 5. Genotypic and biological traits impacting on the profile of Ad:MG1 vaccination.
(A) Distribution of the CD8+ T-cell reactivity against the different regions of the hMAGE-A3 antigen following Ad-MAGEA3:MG1-MAGEA3 immunization. Each region
was color-coded according to the peptide pool covering it, as follows: the N-terminal extremity was encompassed within the pool of peptides 1–10 in red, the inner
regions were covered by the pools of peptides 11–20 in white, 21–30 in pink, 31–40 in green, 41–50 in blue, 51–60 in yellow, 61–70 in purple and 71–80 in orange
while the C-terminal extremity was covered by the peptides 81–87 in grey. (B-D) Quality of vaccine immunogenicity was assessed by measuring the proportion of
IFNγ+ reactive CD8+ T-cells that co-produced TNFα. (B) Flow cytometry gating strategy. CD8+ lymphocytes were first gated (top left plot – magenta frame). In the
child gates (right), IFNγ TNFα double positive CD8+ lymphocytes were counted following each (re-)stimulation with one of the nine peptide pools from the hMAGE-
A3 library (pool 1–10 to pool 81–87). Illustrated dot plots were recorded in the AM6w-lo 4 macaque who best responded to Ad-MAGEA3 prime:MG1-MAGEA3 boost.
(C) Quality of the CD8+ T-lymphocyte reactivity illustrated as the percentage of IFNγ+ T cells co-producing TNFα upon ex vivo (re-)exposure to hMAGE-A3 peptides in
each macaque immunized with Ad-MAGEA3:MG1-MAGEA3. (A, C) Primates are ranked according to the magnitude of the CD8+ T-cell boost response illustrated in
the Figure 5E-F, from the weakest (on the left) to strongest (on the right). Green dashed line illustrates both mean (62%) and median (61%) TNFα positivity values.
(D) Quality of vaccine immunogenicity according to the age of the macaque (3 year-old versus 4 to 6 year-old subjects). Histograms represent mean ± SD. p-value
(Dunn’s test) considered non significant (NS) when > 0.05; *p < 0.05. hMAGE-A3, human melanoma-associated antigen, family A, member 3; IFNγ, interferon gamma;
TNFα, tumor necrosis factor alpha.
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documented in NHPs.38,39 In our study, two animals developed
peripheral nerve paralysis that was deemed attributable to
trauma from restraint and not secondary to vaccination. No
pathology was noted within the examined peripheral nerve
tissue sections of any of the macaques. Severe neurological
toxicity of human cancer patients following treatment with
anti-MAGE-A3 TCR gene therapy has been reported. Cross-
reaction of the high affinity TCR with neurologically expressed
MAGE-A12 was presumably the cause. Indeed, engineered
T-cells demonstrated higher affinity for the HLA-A*0201-
restricted epitope KMAELVHFL of MAGE-A12 than for the
targeted KVAELVHFL epitope of MAGE-A3.40 Peptide #31

(used to re-stimulate PBMCs in our ELISpot) contained the
sequence KVAELVHFL. In our study, four primates had spe-
cific immune responses to the fully conserved peptide 31.
Central nervous system pathology was not observed in any of
the treated animals despite sequence homology with the cyno-
molgus MAGE-A12 epitope KVTELVHFL (putative M. fasci-
cularis sequence NP_001270578.1). In preclinical murine
studies splenic tropism of MG1-Maraba has been found to be
fundamentally important to the mechanism by which MG1-
Maraba potently boosts primed CD8+ T-cell responses thus the
detection of intrasplenic MG1-Maraba genomes in primates
supports common mammalian bio-distribution properties.31

Figure 6. Ad-MAGEA3:MG1-MAGEA3 induces auto-reactive T-cells.
5x105 PBMCs were seeded and re-stimulated for 24 hours with one of the 87 overlapping peptides that cover the complete sequence of the hMAGE-A3 antigen.
Reactivity against each peptide was detected by ELISpot. (A) Representative epitope mapping from the AM6w-hi4 macaque. Spots of T-lymphocytes secreting IFNγ
following exposure to each peptide were counted and displayed in a bar graph. Cut-off was set to 10 spots (dashed line). Peptides with highly conserved sequences
between human and simian MAGE-A3 were labeled as follows: ** = sequences identical or * = sequences diverging by one amino acid located at an extremity. (B)
Reactivity against each of the highly conserved MAGE-A3 peptides was measured in 16 macaques at the indicated time-point post-MG1-MAGEA3 injection and
reported as the number of spots detected. For each macaque, highlighting illustrates the relative immunogenicity of each peptide expressed as the percentage of the
response measured against the immunodominant peptide. The immunodominant peptide was determined as the peptide leading to the highest number of IFNγ+

T-cell spots and consisted, except in AM6w-hi4, of a poorly conserved epitope not displayed in the table. For instance, in AM6w-hi4, as indicated by the red
highlighting, the conserved peptide #42 turned out immunodominant with 263 spots detected (100% immunogenicity) while the conserved peptide #31 was
subdominant with 128 spots detected (49% immunogenicity of the immunodominant peptide #42 illustrated by the yellow highlight). MAGE-A3, human melanoma-
associated antigen, family A, member 3; IFNγ, interferon gamma; PBMCs, peripheral blood mononuclear cells.
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Although genome was recovered from some tissues primarily
comprising secondary lymphoid organs, no replicating virus
was detected. This is consistent with the premise that the
attenuated Maraba MG1 virus is extremely sensitive to type I
IFN and selectively replicates in tumor cells that have defective
type I responses but not in normal cells.25 Non-human pri-
mates are considered to be ideal models for the assessment of
potential neurotoxicity resulting from live viral vaccines 41 thus
instilling confidence in the preclinical safety profile established
here.

Boosting with MG1-MAGEA3 significantly expanded spe-
cific CD8+ T-lymphocytes as part of a broad endogenous
immune response. Transfusion of engineered anti-MAGE-A3
CD8+ T-cells resulted in clinical regressions of tumors, but this
treatment was deemed unsafe due to the aforementioned
neurotoxocity.40 Anti-MAGE-A3 vaccination has also been
evaluated clinically using a recombinant protein strategy and,
although this treatment was safe, no survival advantage was
conferred. However, the induction of T-cell responses was not
reported, precluding full assessment of this platform’s
immunogenicity.42 Objective tumor responses have revealed
the potential value of generating CD4+ T-cells against
MAGE-A3 as demonstrated in patients treated with adoptive
cellular therapy.43 MAGE-A3 antibodies have a potential role
in increasing cellular immunity against the antigen by forming
immune complexes; such complexes enhance the cross-presen-
tation of the CT antigen, NY-ESO-1, in the context of
vaccination.44 More broadly, tumor-infiltrating B-cells have
been associated with favorable prognoses in various malignant
indications, including lung cancer.45 We predict that the ability
of oncolytic vaccination to engage multiple different effector
arms of the immune system will be advantageous compared to
more polarized approaches. By encoding the entire MAGE-A3
sequence, the immune system is exposed to all potential
MAGE-A3 epitopes, irrespective of the genetic haplotype of
the host.

A number of variables were interrogated to ascertain
their possible impact on vaccine immunogenicity. Neither
gender nor age affected the immune response. We did
observe a reduction in the number of multi-functional
T-cells in the youngest cohort of primates. Further investi-
gation is needed to discern the cause and relevance of this
finding but, as cancer is primarily associated with an aging
population, this should not be overtly detrimental.46 Overall,
the majority of MAGE-A3-specific CD8+ T-cells were cap-
able of producing multiple cytokines and these multifunc-
tional cells are important for efficacy of cancer
immunotherapeutics.47 Clinically, Maraba MG1 can be
administered rapidly after priming, as the interval between
prime and boost did not alter immunogenicity.
Mechanistically, MG1-Maraba is able to rapidly boost cen-
tral memory T cells (TCM) induced by priming as previously
demonstrated.31 As this minimizes any delay in treatment
schedule, this versatility is also potentially advantageous.
Considerable variation of the magnitude of immune
responses and the apparent dominance of CD8+ responses
to a specific pool of peptides in the lowest responding
animals suggests that there are individual factors responsible
for the magnitude of immunity invoked. Although the

definitive cause of these variations was not established, it
is likely that individual genotype is the main determinant of
the size and specificity of response as seen in other
vaccines.48 MG1 genomes were found predominantly in
secondary lymphoid organs. This distribution supports the
ability of MG1-MAGEA3 to directly boost TCM resulting in
massive expansion of effector T-cells as previously eluci-
dated in mice.31 MG1-MAGEA3 was capable of inducing
very large and specific anti-MAGE-A3 immunity comprising
up to 13.47% of all circulating CD8+ T cells in primates.

Some limitations were inherent in this study. In order to
avoid loss of cellular viability secondary to freeze/ thawing,
flow cytometry was performed on fresh samples hence there
may be some variability between differing runs. The same
personnel performed sample processing and data acquisition
following identical protocols to minimize operator and pro-
cedural variation. As all animals were tumor free, no detect-
able viral replication occurred. So, the impact of functional
oncolysis on the safety and immunogenicity has not been
extended beyond previously published murine data.14,20,23–25

Toxicity has been associated with acute, massive cytokine
release in some immunotherapeutics, such as CAR T-cells.49

Cytokines were not monitored in this study as their impor-
tance in a tumor-free animal is questionable. In most pri-
mates, cellular immunity rapidly contracted after boosting.
Whether such kinetics will be reflected in the case of ongoing
antigenic stimulation by the tumor is unknown. Finally, when
using healthy hosts, studying the effect of oncolytic vaccina-
tion on the TME was not possible and, although we clearly
demonstrate the induction of circulating immunity, how the
oncolytic Maraba MG1 virus and effector immune popula-
tions will interact within the TME of spontaneous tumors
remains to be determined. Data gathered during our clinical
trials will address these areas of intrigue.

Based on the lack of viral replication, the absence of MG1-
MAGEA3-related lesions and clinically significant hematolo-
gic or serum biochemical abnormalities, we conclude that the
intravenous administration of MG1-MAGEA3 following Ad-
MAGEA3 is safe. Previous rodent-based studies have high-
lighted the remarkable immunogenicity of this platform.14,20

The ability of Maraba MG1 to boost multiple arms of the
endogenous immune system against a relevant tumor-asso-
ciated antigen in a genetically outbred NHP population has
now been confirmed. In light of these findings, the safety,
immunogenicity and efficacy of oncolytic MAGE-A3 vaccina-
tion are currently being assessed for patients diagnosed with
advanced malignancies refractory to established standard-of-
care treatment.

Materials and methods

Macaques

Eighteen female and ten male cynomolgus macaques (Macaca
fascicularis), aged 3–6 years and weighing 3–6 kg, were stu-
died. Primates were obtained from Charles River Laboratories
Preclinical Services (QC, Canada) and Primus Bio-Resources
(QC, Canada). Animals were in groups of up to four when
possible, with normal day-night cycles and an approved diet.
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Animals were identified by tattoos and neck collars. NHP
study protocols were approved by the Animal Resource
Centre, University Health Network, Toronto, ON, Canada.

Recombinant viruses

Ad-MAGEA3 is a human serotype 5 replication-deficient ade-
novirus (E1/E3-deleted).50 It contains a transgene encoding the
full-length human melanoma-associated antigen, family A,
member 3 (hMAGE-A3). Ad-MAGEA3 was injected in both
quadriceps at a total dose of 1 × 1010 plaque forming units
(PFU) (Figure 1A). MG1-MAGEA3 is a replication-competent
oncolytic rhabdovirus.14,20,23–27 It was generated by inserting
the hMAGE-A3 transgene between the G and L genes of the
attenuated MG1 strain of Maraba. Macaques received two
doses of 1 × 1010 or 1 × 1011 PFU MG1-MAGEA3, delivered
intravenously three days apart (Figure 1A).

Peptides

A library of 87 overlapping 12 to 17-mer peptides (Pepscan,
Netherlands) covering the full-length hMAGE-A3 antigen
(314 amino acids) was used for re-stimulating T-cells ex
vivo. Peptides 1 to 87 sequentially cover hMAGE-A3 from
N- to C-terminal. T-lymphocytes were re-stimulated either
with individual peptides or with the following pools: “red”
pool = peptides 1 to 10, “white” pool = peptides 11 to 20,
“pink” pool = peptides 21 to 30, “green” pool = peptides 31 to
40, “blue” pool = peptides 41 to 50, “yellow” pool = peptides
51 to 60, “purple” pool = peptides 61 to 70, “orange”
pool = peptides 71 to 80, “grey” pool = peptides 81 to 87.

Antibodies

Monoclonal antibodies used in flow cytometry were pur-
chased from BD Biosciences (ON, Canada): anti-human
CD8α-PerCP-Cy5.5 (dilution 1:100, clone RPA-T8, ref.
560662) and anti-human CD4-FITC (dilution 1:25, clone
L200, ref. 550628) for cell surface staining, anti-human
IFNγ-APC (dilution 1:40, clone B27, ref. 562017) and anti-
human TNFα-PE (dilution 1:4, clone Mab11, ref. 557068) for
intracellular cytokine staining (ICS).

Animal testing procedures and necropsy

For blood draws, injections and minor procedures, macaques
were restrained on a purpose-designed chair. Animals were
anesthetized for surgery by intramuscular administration of
50 μM/kg of Domitor for induction (Medetomidine hydro-
chloride, Novartis) then maintained with 1.0–2.5% isoflurane
during the surgery. Buprenorphine (0.01–0.03 mg/kg) was
administered intramuscularly every 12 hours, and acetamino-
phen (Tylenol®, 5–15 mg/kg) administered orally every
8–12 hours as needed for analgesia. A subcutaneous vascular
access port (VAP) connected to a central venous catheter
through the femoral vein was surgically implanted to facilitate
MG1-MAGEA3 administration and blood sampling (CP4/
PCP-4, Access Technologies, Norfolk Medical Products Inc.,
IL, USA). Primates were treated with the antibiotic

enrofloxacin (Baytril®, Bayer Healthcare, ON, Canada) for
24 hours after the procedure. Animals were euthanized by
exsanguination under deep anesthesia while being perfused
with 1 L of normal saline. Craniotomy was conducted to
expose the brain, and the brain was removed within minutes
of death. Samples from specific regions were taken from one
hemisphere and while the contralateral hemisphere was pre-
served intact and fixed in 10% neutral-buffered formalin.

Clinical assessment for MG1-MAGEA3 safety profile

Animals were monitored daily throughout the experiment by
clinical assessment and were weighed weekly. Vital signs and
rectal temperature were measured prior to MG1-MAGEA3,
6 hours after administration, and thereafter following the
sample collection schedule (Figure 1A). Fever was designated
as temperature ≥ 39.8°C.

Cellular immunogenicity of the Ad-MAGEA3 and MG1-
MAGEA3 vaccines

MAGE-A3-specific CD8+ and CD4+ T-cell responses were
measured by detecting interferon-γ (IFNγ) production using
ICS. Responses were evaluated before and at varying times
after vaccination (Figure 1A). 2 ml of blood was diluted in
four volumes of ammonium-chloride-potassium buffer (ACK)
for 5 minutes at room temperature to lyse erythrocytes. Cells
were washed twice in Hanks medium and the ACK lysis
procedure was repeated. One tenth of the peripheral leuko-
cytes were incubated in complete RPMI (RPMI-1640 medium
supplemented with 10% fetal calf serum, 1% penicillin-strep-
tomycin and 1% L-glutamine) either without (un-stimulated)
or with one of the nine pools of hMAGE-A3 peptides (15 µg/
ml) for re-stimulation of MAGE-A3-specific T-lymphocytes.
Incubation was performed at 37°C, 5% CO2 and 95% humid-
ity for 5 hours, with brefeldin A (1 μg/ml, GolgiPlug, BD
Biosciences, ON, Canada) during the last 4 hours.
Leukocytes were first incubated for 10 minutes in pH7.4
phosphate-buffered saline (PBS) with the LIVE/DEAD fixable
near-IR dye (dilution 1:500; Life Technologies, CA, USA) to
further discriminate live lymphocytes from dead entities; via-
bility of the lymphogate events exceeded 80% in all samples
collected (data not shown). Leukocytes were stained with the
above listed surface antibodies for 25 minutes at 4°C in FACS
buffer (PBS containing 0.5% bovine serum albumin). Cells
were permeabilized and fixed with Cytofix/Cytoperm (BD
Biosciences, ON, Canada) for 20 minutes at 4°C in FACS
buffer and finally stained for intracellular cytokines for
25 minutes at 4°C in FACS buffer. Data were acquired using
a FACSCanto cytometer with FACSDiva software (BD
Biosciences, ON, Canada) and analyzed with FlowJo Mac
software (Treestar, OR, USA). Absolute counts of reactive
lymphocytes were obtained taking into account the following
parameters: i) the proportion of the whole blood cell suspen-
sion processed and stained; typically 200 µl of whole blood for
each peptide re-stimulation condition out of the 2 ml drawn
per macaque (normalization factor #1) and ii) the proportion
of the stained cell suspension ran through the flow cytometer;
typically 300 out of 400 µl of the stained lymphocyte
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suspension (normalization factor #2). CD4+ and CD8+ lym-
phocyte counts quantitated by flow cytometry analysis
(~ 1x105 events for each lymphocyte subset) were finally
normalized per µl of blood initially collected by considering
the two normalization factors. Background signal measured in
un-stimulated leukocytes was subtracted from the responses
detected in the re-stimulated samples. Mean pre-immune
reactivity against hMAGE-A3 was established at 0.25 and 0.1
IFNγ+ CD8+ and CD4+ T-cells/µl blood, respectively.

T-cell epitope mapping of human MAGE-A3

Human MAGE-A3 T-cell epitopes were mapped by ELISpot
measuring IFNγ release (Monkey IFNγ ELISpot PLUS kit
from Mabtech Inc., OH, USA). T-cell reactivity was evaluated
at various time-points after MG1-MAGEA3 administration in
the five cohorts that received Ad-MAGEA3 prime-MG1-
MAGEA3 boost. Briefly, 10 to 15 ml of blood were drawn
and processed as described for ICS. 500,000 peripheral leuko-
cytes were incubated in complete RPMI without (un-stimu-
lated) or with each individual peptide of the hMAGE-A3
peptide library (20 µg/ml) for (re-)stimulation of MAGE-A3-
specific T-lymphocytes. Incubation was performed at 37°C,
5% CO2 and 95% humidity for 24 hours. Spots of IFNγ-
secreting T-cells were revealed following manufacturer’s
recommendations and quantified using CTL-ImmunoSpot
S6 Micro Analyzer (CTL, OH, USA). Background signal pro-
duced by un-stimulated leukocytes is deducted from the
responses detected in the re-stimulated samples. Ten IFNγ-
positive cells per well were used as minimum cut-off.

Bioinformatics

M. fascicularisMAGE-A3 sequences were identified in the NCBI
protein database using the BLASTP program (blast.ncbi.nlm.
nih.gov/) and the H. sapiens MAGE-A3 reference sequence
(NCBI accession number: P43357) as protein query. Sequence
alignment was performed using Clustal Omega (www.ebi.ac.uk/
Tools/msa/clustalo/).

Statistical analyses

Linear mixed effect models were fitted to analyze weekly weight
variation from baseline between experimental arms (MG1-
MAGEA3 alone versus Ad-MAGEA3 + MG1-MAGEA3) and
dose groups (low versus high dose) considering the time points
as fixed effects. Statistical analyses were performed using SAS
version 9.4 (SAS Institute Inc., NC, USA). For vaccine immu-
nogenicity, GraphPad Prism version 6 for Windows (GraphPad
Software, San Diego, CA) was used for data graphing and the R
software for statistical analysis.51 Immune data are displayed as
histograms or scatter plots displaying the mean value ± standard
deviation (SD). For testing data normality, we applied the
Shapiro-Wilk test and considered that data distribution was
not normal when p-value < 0.05. For comparing two conditions,
we applied the Wilcoxon test when data distribution was not
normal while the Welch t-test was used for normally distributed
data sets. For multiple pairwise comparisons (> 2 conditions),
Dunn’s test (Kruskal-Wallis multiple comparisons) was applied,

followed by a p-value adjustment using the Benjamini-
Hochberg method, using the FSA R package.52 Differences
between conditions were considered statistically significant
when adjusted p ≤ 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001).
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