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ABSTRACT
Background  Immunologically cold tumors with an 
‘immune desert’ phenotype lack tumor-infiltrating 
lymphocytes (TILs) and are typically impervious to 
systemic immune checkpoint blockade (ICB). Intratumoral 
treatment of tumors with immunomodulatory agents can 
promote local tumor inflammation leading to improved 
T cell responses in injected tumors. Addition of systemic 
ICB increases response frequency and immune-mediated 
clearance of injected and distal non-injected lesions, and 
this promising approach is being widely investigated 
clinically. In this work, we evaluate and characterize the 
local and systemic antitumor immunotherapeutic activity of 
VAX014, a novel non-viral targeted oncolytic agent based 
on recombinant bacterial minicells, following intratumoral 
administration and in combination with systemic ICB.
Methods  The immunotherapeutic activity of VAX014 
following weekly intratumoral administration was 
investigated in multiple preclinical tumor models with 
B16F10 murine melanoma serving as the primary model 
for evaluation of immune desert tumors. Mice bearing a 
single intradermal tumor were used to evaluate tumor 
response and overall survival (OS), assess changes in 
immune cell populations, and explore global changes to 
immunotranscriptomes of injected tumors. Mice bearing 
bilateral intradermal tumors were then used to evaluate 
non-injected tumors for changes in TIL populations and 
phenotypes, compare immunotranscriptomes across 
treatment groups, and assess distal non-injected tumor 
response in the context of monotherapy or in combination 
with ICB.
Results  VAX014 demonstrated strong immune-mediated 
tumor clearance of injected tumors coinciding with 
significantly elevated CD8+ TILs and upregulation of 
multiple immune pathways essential for antitumor immune 
responses. Modest activity against distal non-injected 
immune desert tumors was observed despite elevated 
levels of systemic antitumor lymphocytes. Combination 
with systemic CTLA-4 blockade improved survival and 
elevated TILs but did not improve clearance rates of 
non-injected tumors. Immunotranscriptomes of non-
injected tumors from this treatment combination group 
exhibited upregulation of multiple immune pathways but 
also identified upregulation of PD-1. Further addition of 

systemic PD-1 blockade led to rapid clearance of non-
injected tumors, enhanced OS, and provided durable 
protective immunological memory.
Conclusions  Intratumoral administration of VAX014 
stimulates local immune activation and robust systemic 
antitumor lymphocytic responses. Combination with 
systemic ICB deepens systemic antitumor responses to 
mediate clearance of injected and distal non-injected 
tumors.

BACKGROUND
New discoveries elucidating the molecular 
mechanisms underlying the subverted role 
of the immune system in tumor pathobiology 
and immune evasion have led to the rapid 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Local administration of VAX014 elicits systemic 
immune-mediated clearance in orthotopic bladder 
tumor models. This study was conducted to inves-
tigate the broader utility of VAX014 as an in situ 
immunization agent after direct injection into solid 
tumors.

WHAT THIS STUDY ADDS
	⇒ This study demonstrates for the first time that local 
intratumoral administration of VAX014 generates 
systemic immune-mediated clearance of tumors 
and is particularly effective in treating local and 
disseminated tumors with poor immune infiltration 
when combined with immune checkpoint blockade.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study lays the groundwork for clinical inves-
tigation of VAX014 and may change practice for 
intralesional administered oncolytic therapies be-
cause VAX014 facilitates oncolysis within hours of 
administration and can be administered weekly as 
opposed to every 3 weeks, as is the case for onco-
lytic virotherapy.
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development of new immunotherapeutic agents for the 
treatment of solid tumors.1 Systemically administered 
immune checkpoint blockade (ICB) directed against 
PD-1/PD-L1 and CTLA-4 lymphocyte immune check-
point pathways have demonstrated remarkable durable 
complete responses (CRs) but, unfortunately, only in 
a minority of patients.2 A common immunopatholog-
ical feature associated with a lack of response to ICB is 
a paucity of tumor-infiltrating lymphocytes (TILs) in the 
tumor microenvironment (TME).3 4 These immunolog-
ically ‘cold’ tumors employ various immunosuppressive 
mechanisms to thwart T cell priming, activation, expan-
sion, and/or trafficking to tumor sites, leading to a low 
number of TILs in tumor and stroma (immune desert 
histology) or lack of penetration of TILs into tumors 
from tumor stroma (immune excluded histology).5

New locally delivered intratumoral immunotherapies 
designed to stimulate tumor inflammatory signals that 
support T cell priming, maturation, and recruitment 
to the tumor sites have provided encouraging results 
and important insights. The therapeutic premise of 
this emerging treatment paradigm is to facilitate in situ 
immunization against the injected tumor following intra-
tumoral administration, the goal of which is to stimulate 
systemic antitumor immunity.6 Oncolytic viruses (OVs) 
have shown particular promise in this area, and while only 
a limited number of OV therapies have been approved 
to date, several others are in various stages of develop-
ment.7–9 Despite adequate preclinical evidence that OVs 
facilitate in situ immunization, the clinical activity of 
OVs as monotherapy for solid tumors has been relatively 
limited.10 More recent experience has led to an appreci-
ation for the potential therapeutic cooperation between 
intratumoral administered OV therapy with systemic 
ICB. For example, increased overall response rates in 
injected and non-injected tumors have been observed 
in exploratory studies combining talimogene laher-
parepvec (T-VEC) with ipilimumab (CTLA-4 blockade) 
or pembrolizumab (PD-1 blockade) in patients with 
treatment refractory melanoma.11–13 While improved, 
reported durable response rates and overall survival (OS) 
rates still remain relatively low, making the development 
of new, more effective oncolytic immunotherapies of crit-
ical importance.

In this work, we investigate and characterize the immu-
notherapeutic activity of VAX014, a novel clinical stage 
non-viral tumor targeted oncolytic agent based on recom-
binant bacterial minicells (rBMCs), following intratu-
moral treatment of established solid tumors. VAX014 has 
been described extensively elsewhere but can be summa-
rized as an rBMC designed to target tumor-associated 
integrins using a protein called invasin (Inv) to deliver 
an oncolytic protein toxin payload, perfringolysin O 
(PFO).14–16 Here, we primarily used both single and 
bilateral tumor variations of the immune desert B16F10 
murine melanoma model to explore the effectiveness of 
VAX014 as an oncolytic immunotherapy following intratu-
moral administration as monotherapy and in combination 

with systemically administered ICB. We demonstrate that 
shortly following injection into tumors, VAX014 facili-
tates rapid oncolysis while stimulating multiple immune 
pathways supporting adaptive antitumor immunity in the 
TME. Antitumor activity was entirely dependent on CD8+ 
T cells (and to a lesser extent on Natural Killer (NK) 
cells), and tumors actively responding to therapy had 
significantly elevated CD8+ TILs. Using a bilateral intra-
dermal tumor variation of the B16F10 model, we demon-
strated VAX014 promotes systemic immune-mediated 
reduction in distal non-injected tumors (abscopal 
effect) that did not lead to tumor clearance. Addition of 
systemic CTLA-4 blockade (αCTLA-4) improved abscopal 
responses, markedly increased CD8+ TILs in non-injected 
tumors, and extended survival, but rarely led to complete 
tumor clearance. Further addition of systemic PD-1 
blockade (αPD-1) to the combination treatment regimen 
led to durable tumor clearance of both injected and 
non-injected tumors with an increase in CD8+ effector T 
cells, cytotoxic cell gene signature, presence of effector 
memory cells in distal non-injected tumors, and durable 
protective immunological memory.

The results presented here serve as a prelude for clin-
ical investigation of VAX014 as an intratumoral delivered 
oncolytic immunotherapy, particularly in combination 
with ICBs, to enhance responses in patients with inject-
able ICB refractory tumors.

METHODS
Mice
C57BL/6 female mice aged 6–8 weeks were purchased 
from Jackson Laboratory. Mice were housed in microiso-
lators and in accordance with National Institute of Health 
and American Association of Laboratory Animal Care 
regulations. All mouse experiments and procedures were 
approved by the San Diego State University Institutional 
Animal Care and Use Committee.

Cell lines and reagents
The B16F10, CT26, and EL4 murine cell lines were 
purchased from American Type Culture Collection. The 
MB49 murine urothelial carcinoma cell line was obtained 
from Dr. W T Godbey at Tulane University. VAX014 
rBMCs and vector control VAX-I rBMCs (PFO− and Inv+) 
were produced by Vaxiion Therapeutics (San Diego, Cali-
fornia, USA), and the former was confirmed to meet the 
product specification for clinical use.

Statistics
All data were analyzed using GraphPad Prism V.9.0. Two-
tailed Student’s t-test or Mann-Whitney U test was used 
to determine statistical significance between treatment 
groups, cytotoxic cell gene signatures, and TIL immuno-
phenotyping analysis as indicated. Log-rank test was used 
to compare Kaplan-Meier survival curves. Error bars 
represent means ±SEM unless indicated otherwise. Any 
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p value ≤0.05 was considered statistically significant. For 
all figures, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.

Supplementary materials
Detailed method descriptions for in vitro studies, in vivo 
tumor models, flow cytometry, cytotoxic T lymphocyte 
(CTL) activity, TIL immunophenotyping analysis, and 
immunotranscriptome analysis are included in the online 
supplemental materials.

RESULTS
Intratumoral treatment of B16F10 tumors with VAX014 
mediates immune-dependent tumor clearance
To evaluate the antitumor effects of VAX014 on tumors 
with an immune desert phenotype, we used the intra-
dermal variation of the B16F10 model. The advantage of 
the intradermal model over the subcutaneous model is 
that intradermal implantation results in more accessible 
tumors for injection while yielding both cutaneous and 
subcutaneous tumor histology, which may be considered 
more clinically relevant. Prior to conducting in vivo exper-
iments, the B16F10 cell line was characterized for integrin 
expression, rBMC uptake, VAX014 potency and oncolysis, 
and VAX014-induced apoptosis (online supplemental 
figure S1). Using a standardized experimental set-up 
(illustrated in figure 1A), we initiated intratumoral treat-
ment of B16F10 tumors with VAX014 on day 5 as tumors 
approached 4 mm in length. Starting intratumoral treat-
ment at this tumor size in the intradermal B16F10 model 
was essential for proper evaluation of pharmacodynamic 
activity of VAX014 after intratumoral administration 
because it insured that the entire injected dose volume 
(30 µL) was retained in injected tumors, which had a 
propensity to spontaneously cavitate and leak shortly after 
cresting 4 mm in length (online supplemental figure S2). 
We observed a rapid response to intratumoral adminis-
tration of B16F10 tumors, which typically led to marked 
flattening of treated tumors within 24–72 hours of first 
treatment, with many tumors exhibiting near-complete 
regression after a second intratumoral dose of VAX014 
on day 14 (figure 1B). Weekly intratumoral treatment of 
B16F10 tumors with VAX014 led to a significant reduction 
in tumor growth with frequent durable CRs (figure 1C), 
resulting in a significant OS advantage (figure 1D). Mice 
that achieved CR were tumor-free for as long as 364 days 
(longest time point observed), and individual tumor 
growth rates are provided in online supplemental figure 
S3. Similar antitumor responses from weekly intratumoral 
treatment with VAX014 were also observed in other synge-
neic intradermal tumor models where treatments could 
be initiated on larger starting tumor sizes (less sponta-
neous ulceration) (online supplemental figures S4 and 
S5). Importantly, these additional models have differing 
immunophenotypes from each other and B16F10. The 
CT26 model is widely considered an immune exhausted 
model whereas the MB49 model is considered immune 
excluded.

Previous studies demonstrate that the antitumor activity 
of VAX014 following topical intravesical treatment of 
orthotopic MB49 bladder tumors in mice is dependent 
on T lymphocytes.16 Therefore, we investigated the role 
of CD8+ T cells, CD4+ T cells, or NK cells in the antitumor 
activity of VAX014 following intratumoral administra-
tion by depleting these immune cell subsets throughout 
treatment (figure 1E). The antitumor activity of VAX014 
following intratumoral administration was entirely depen-
dent on CD8+ T cells, dependent to a lesser degree on NK 
cells, and independent of CD4+ T cells. Next, to evaluate 
if the antitumor lymphocytic response following intratu-
moral administration of VAX014 afforded immunological 
protection, we rechallenged mice that had achieved a CR 
with a second round of B16F10 tumors (figure  1F,G). 
Complete tumor rejection was seen in a number of mice, 
and most exhibited a significant reduction in tumor 
growth rate and improved survival compared with naïve 
controls. Despite the complete dependence on CD8+ 
T cells for VAX014 antitumor activity following intratu-
moral treatment, not all mice achieving CR were capable 
of complete tumor control following rechallenge. In 
contrast, the activity of VAX014 in the intradermal CT26 
and MB49 models was also completely dependent on 
CD8+ T cells (online supplemental figures S4 and S5), 
and in both those models, strong protective antitumor 
memory was observed. Coincidentally, the MB49 cell 
line, which is syngeneic to B16F10, was found to express 
detectable levels of major histocompatibility complex-I 
(MHC-I) in vitro, whereas B16F10 did not (online supple-
mental figure S6). Comparatively higher expression of 
MHC-I in the MB49 model versus the B16F10 model was 
preserved in vivo (online supplemental figure S7), which 
may explain why T cell mediated memory responses were 
not as robust in the B16F10 model.

Intratumoral treatment with VAX014 increases TILs, results in 
tumor-specific CTL activity, and upregulates multiple immune 
networks
The B16F10 model has been generally accepted as an 
immunologically cold model with an immune desert 
phenotype.17 18 This concept was supported by a compar-
ison of immunotranscriptomes from saline-treated 
B16F10 tumors to the immune excluded MB49 model 
(online supplemental figure S8). The B16F10 model has 
also been shown to have increasing levels of myeloid-
derived suppressor cells (MDSCs) in the periphery as 
tumors increase in size, which is known to contribute 
to immunosuppression both systemically and within 
tumors.19 20 Increasing levels of MDSCs as a function of 
tumor growth were confirmed before using the model 
for these studies (online supplemental figures S9 and 
S10). To evaluate whether intratumoral administration 
of VAX014 could turn cold tumors ‘hot’, we evaluated 
changes in TIL levels, splenic CTL activity, and immuno-
transcriptomes from B16F10 tumors actively responding 
to VAX014 (figure 2). First, a deeper analysis of individual 
tumor growth curves shown in figure 1C revealed 100% 
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of treated tumors had an initial response to weekly intra-
tumoral treatment with VAX014 but would eventually 
diverge into response subgroup categories of “actively 
responding” or “rebounding” tumors (figure  2A). We 
took advantage of this response divergence to study 

differences in TIL levels in actively responding tumors 
in comparison to rebounding and saline-treated control 
tumors. To allow for sufficient response divergence to 
occur and to obtain larger tumors for TIL analysis, we 
manipulated the model to provide a single, lower dose of 

Figure 1  Weekly intratumoral administration of VAX014 leads to immune-dependent clearance of injected tumors. 
(A) Experimental design of single intradermal tumor model and dosing schedule. Treatments (30 µL) were initiated when 
tumors approached 4 mm in length. (B) Intradermal B16F10 tumors prior to treatment initiation (D5) and 2 days following 
second VAX014 intratumoral treatment (D14) in comparison with saline-treated controls. Red arrows indicate the location of 
intradermal tumors. (C) Mean B16F10 tumor growth rate and CR frequency from VAX014 (n=38) or saline-treated tumors (n=35). 
(D) Comparative survival curves for VAX014 versus saline-treated controls. (E) Survival curves of B16F10 tumor-bearing mice 
treated weekly via the intratumoral route with VAX014 after depletion of CD8+ T cells, CD4+ T cells, or NK cells (n=11–17/group). 
(F) Individual tumor growth rates following RC of long-term VAX014 treated survivors with a single intradermal B16F10 tumor 
(n=6) performed a minimum of 35–45 days post CR. Mean tumor growth rate of B16F10 tumor-naïve control mice is shown for 
comparison (n=5, black line). Individual tumor growth curves for naïve control are provided in online supplemental figure S3. (G) 
Survival curves of VAX014-treated rechallenged survivors and naïve control. Significance was determined using Student’s t-
test for mean tumor growth rate and log-rank test for survival curves. Where present, error bars represent ±SEM. CR, complete 
response; i.d., intradermal; i.t., intratumoral; NK, Natural Killer cells; ns, not significant; RC, rechallenge; RJ, rejection of 
rechallenged tumor.

https://dx.doi.org/10.1136/jitc-2023-006749
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VAX014 via the intratumoral route (figure 2B). Remark-
ably, several mice achieved CR after a single intratumoral 
dose of VAX014 (individual growth curves provided in 
online supplemental figure S11). Using this experimental 

set-up, we then used flow cytometry to analyze the immune 
compartment of actively responding tumors to those 
that were rebounding or treated with saline (figure 2C). 
Actively responding tumors had a significant increase in 

Figure 2  Intratumoral administration of VAX014 increases TILs, upregulates multiple immune gene networks, and results in 
systemic tumor-specific cellular immunity. (A) Mean tumor growth rates of injected B16F10 tumors following weekly intratumoral 
treatment with saline (n=35) or VAX014 divided into disparate response groups defined as Rs,Rb, or CR. (B) Mean tumor 
growth rates of injected B16F10 tumors after a single lower intratumoral dose with saline (n=10) or VAX014 and divided into 
disparate response groups (described in A). (C) Percentage of total leukocytes (CD45+), CD8+ T cells, CD4+ T cells, and Tregs 
(CD4+Foxp3+) in actively responding B16F10 tumors versus rebounding and saline-treated tumors following a single intratumoral 
treatment with VAX014 (tumors analyzed by flow cytometry on days 20–28, n=3/group). (D) Splenic CTL activity against B16F10 
target cells or EL4 non-specific haplotype matched control target cells following a single intratumoral treatment with VAX014 
versus saline-treated control (splenocyte isolation/expansion performed on day 14 post tumor implantation, n=4–5/group). (E) 
Heatmaps of immune gene networks for IFN response, DC function, lymphotaxis, and NK function from immunotranscriptomes 
of B16F10 tumors 24 hours following intratumoral injection with VAX014 (n=3) versus saline-treated tumors (n=2). Statistical 
significance for mean CTL activity was analyzed using Student’s t-test, and median VAX014 CTL activity at 50:1 E:T ratio was 
analyzed using Mann-Whitney U test. Where present, error bars represent ±SEM. CR, complete response; CTL, cytotoxic T 
lymphocyte; DC, dendritic cell; E:T, effector-to-target; IFN, interferon; NK, Natural Killer cells; Rb, rebounding tumor; Rs, actively 
responding tumor; Sal, saline.

https://dx.doi.org/10.1136/jitc-2023-006749
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the total CD45+ leukocyte population, most of which were 
CD8+ T cells. CD4+ T cells and Tregs were also signifi-
cantly increased in responding tumors in comparison to 
rebounding tumors or saline-treated controls. Reduced 
tumor size did not contribute to the observed increase 
in proportion of immune cells within tumors actively 
responding to VAX014 as immune cell proportions of 
size-matched saline-treated tumors were similar to larger 
saline-treated tumors (online supplemental figure S12).

Building on these observations, we explored the poten-
tial development of systemic tumor-specific lympho-
cytic responses by evaluating CTL activity of splenocytes 
isolated from mice treated with a single dose of VAX014 
using B16F10 as target cells (figure 2D). Splenocytes from 
saline-treated control mice exhibited limited CTL activity, 
whereas those isolated from mice treated with VAX014 
demonstrated a CTL response specific for B16F10 target 
cells, but not syngeneic haplotype matched murine 
EL4 thymoma cells (non-specific target cell control). In 
comparison to the robust CTL activity against B16F10 
target cells (which contains all tumor specific epitopes), 
only marginal systemic CTL responses were mounted 
against two well-characterized B16F10-specific MHC-I 
restricted peptide epitopes (gp100 and TRP-2), and 
this coincided with very few TRP-2 specific CD8+ TILs in 
injected tumors (online supplemental figure S12).

Finally, comparative immunotranscriptome analysis 
of B16F10 tumors conducted 24 hours following intra-
tumoral administration of VAX014 revealed upregula-
tion of multiple immune gene networks. Among others, 
these included gene networks supporting type I and type 
II interferon (IFN) response, dendritic cell (DC) activa-
tion/function, T cell recruitment, and NK cell function 
(figure  2E). Each of these immune pathways/functions 
are known requirements for initiation, priming, and 
maturation of an adaptive cellular antitumor immune 
response and provide molecular evidence supporting the 
lymphocyte and NK cell-dependent activity of VAX014 
following intratumoral administration.21 22

Combination of VAX014 with systemic ICB against CTLA-4 or 
PD-1 increases injected tumor clearance and improves non-
injected tumor responses
Recent clinical data provide evidence that combining 
intratumoral administered oncolytic virotherapy with 
systemic ICB against either PD-1 or CTLA-4 enhances 
abscopal effects in distal non-injected lesions.11 12 There-
fore, we used a bilateral intradermal variation of the 
B16F10 model to assess abscopal effects engendered by 
intratumoral administration of VAX014 as monotherapy 
or in combination with either PD-1 or CTLA-4 blockade 
(figure 3). In this experimental model, one tumor is desig-
nated for weekly intratumoral treatment with VAX014 
(injected tumor), and the other was designated as the 
distal non-injected tumor (figure 3A). Results from these 
studies demonstrated that intratumoral administration 
of VAX014 resulted in antitumor activity against injected 
B16F10 tumors but had limited effect on non-injected 

tumors (figure 3B,C). However, this was only observed in 
the immune desert bilateral intradermal B16F10 model. 
In the immune excluded bilateral intradermal MB49 
model, appreciable abscopal effects were observed, and 
activity was both tumor-specific and CD8+ T cell-dependent 
(online supplemental figures S13 and S14). In addition, 
the antitumor immune response to B16F10 was specific 
for the treated tumor type in vivo as evidenced by lack of 
abscopal effect when a different syngeneic tumor cell line 
was used as the non-injected tumor in the bilateral tumor 
model (online supplemental figure S15). Consistent with 
previous reports, single-agent ICB controls demonstrated 
limited treatment effect in this model (figure 3B,C).23 24

The combination of VAX014 with systemic αPD-1 had 
a discernible additive treatment effect in injected tumors 
but only a modest treatment effect in non-injected 
tumors, suggestive of an established immunosuppressive 
environment in distal non-injected tumors (figure  3B). 
A slight increase in survival over VAX014 monotherapy 
was observed but was not significant, and there were no 
long-term survivors using this combination (figure 3C). 
The combination of VAX014 with systemic αCTLA-4 
represented a significant improvement in response of 
both injected and non-injected tumors (figure 3B). Most 
importantly, survival was significantly extended with this 
combination, and the first instance of a durable CR of 
both tumors affording long-term survival was observed 
(figure 3C).

Activation of multiple inflammatory immune pathways in 
injected and non-injected tumors
To gain a fundamental understanding of why the 
VAX014/αCTLA-4 combination improved responses 
in both tumors, we next performed comparative immu-
notranscriptome analysis of injected tumors (figure 4) 
and non-injected tumors (figure  5) using the bilat-
eral intradermal B16F10 model (individual tumor 
growth rates used for immunotranscriptome analysis 
shown in online supplemental figure S16). Immuno-
transcriptomes of injected tumors from the VAX014 
monotherapy group exhibited upregulation of 462 
genes spanning multiple immune networks in compar-
ison to saline-treated control tumors (figure  4A,B). 
Upregulated immune activation pathways included 
those involved in T cell lymphotaxis and effector func-
tion (non-exhaustive list of T cell genes is shown; for 
the full list, see online supplemental figure S17), IFN 
production/signaling, DC activation/function, tumor 
necrosis factor superfamily members, and antigen (AG) 
processing/presentation (figure  4B). Downregulation 
occurred in a limited number of genes primarily catego-
rized as tumor-promoting or melanoma-specific. These 
included antiapoptotic, cell cycle regulation, epithe-
lial mesenchymal transition, and melanin synthesis 
pathway genes. Only four additional genes were found 
to be upregulated/downregulated in injected tumors 
from the VAX014/αCTLA-4 combination treatment 

https://dx.doi.org/10.1136/jitc-2023-006749
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group compared with VAX014 as monotherapy (online 
supplemental figure S17). Comprehensive cytotoxic cell 
gene network signatures increased in VAX014 injected 
tumors, and this gene signature was further intensified 
in injected tumors from the VAX014/αCTLA-4 combi-
nation treatment group (figure 4C).

Immunotranscriptomes of distal non-injected tumors 
revealed VAX014 treatment did not impact immune gene 
expression in comparison to saline-treated tumors (ie, 
no heat map could be generated), whereas the VAX014/
αCTLA-4 combination led to the upregulation of 137 
genes in non-injected tumors in comparison to VAX014 

Figure 3  Weekly intratumoral administration of VAX014 in combination with systemic αPD-1 or αCTLA-4 improves injected 
tumor responses with variable impact on distal non-injected tumors in the bilateral intradermal B16F10 tumor model. 
(A) Experimental design of the bilateral intradermal B16F10 tumor model and dosing schedule. (B) Individual tumor growth rates 
and CR frequencies (n=10–25/treatment group) for injected and distal non-injected tumors compared with the mean tumor 
growth rate of saline-treated tumors (black line). (C) Comparative survival curves of VAX014/αCTLA-4 and VAX014/αPD-1 
combination treatment groups and single-agent controls. Statistical significance was determined by Student’s t-test for mean 
tumor growth rate and log-rank test for survival curves. Where present, error bars represent ±SEM. CR, complete response; i.d., 
intradermal; i.p., intraperitoneal; i.t., intratumoral; ns, not significant.

https://dx.doi.org/10.1136/jitc-2023-006749
https://dx.doi.org/10.1136/jitc-2023-006749
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monotherapy spanning multiple antitumor immune 
response networks (figure  5A,B). Interestingly, Pdcd1 
(PD-1) was found to be upregulated, ranking third highest 
among upregulated transcripts within the T cell function 
network (figure  5B). The comprehensive cytotoxic cell 
gene network signatures of non-injected tumors were 
similar between VAX014 monotherapy and saline-treated 

tumors, increased in the systemic αCTLA-4 monotherapy 
group, and further intensified in the VAX014/αCTLA-4 
combination treatment group (figure 5C).

Figure 4  Immunologically cold B16F10 tumors injected with VAX014 upregulate multiple inflammatory immune activation 
pathways in the bilateral intradermal B16F10 tumor model. (A) Complete comparative heat maps of immunotranscriptomes 
from total RNA extracted from injected B16F10 tumors after weekly intratumoral treatment with VAX014 as monotherapy 
versus saline (n=3/group). Immunotranscriptome analysis was performed on total RNA isolated from tumors 2 days following 
the second weekly intratumoral treatment. (B) Hierarchical list of fold change in individual gene transcripts among select innate 
and adaptive immune pathway gene networks in injected B16F10 tumors following treatment with VAX014 versus saline. (C) 
Comprehensive cytotoxic cell gene network signatures of injected B16F10 tumors following intratumoral treatment with saline, 
VAX014 monotherapy, or VAX014/αCTLA-4 combination (n=3/group). Bar graph represents median values, and statistical 
significance of cytotoxic cell log abundance was analyzed using Student’s t-test. AG, antigen; DC, dendritic cell; IFN, interferon; 
log2 FC, log2 fold change; TNF, tumor necrosis factor.
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Tripartite combination of VAX014 with both CTLA-4 and PD-1 
blockade improves systemic tumor clearance
Upregulation of PD-1 in the distal non-injected tumors 
of VAX014/αCTLA-4 combination-treated mice provided 
rationale for evaluating the treatment effect of tripar-
tite combination by further addition of PD-1 blockade 
(figure  6). Following the same treatment schedule as 
shown in figure  3, the tripartite combination resulted 

in a significant decrease in injected and non-injected 
tumor growth rates with the majority of mice achieving 
CR in both tumors (figure 6A). Furthermore, the tripar-
tite VAX014/αCTLA-4/αPD-1 combination resulted in 
a significant increase in median survival and improved 
the OS rate (figure  6B) in comparison to the systemic 
αCTLA-4/αPD-1 treatment control group. No differ-
ence in the intensity of comprehensive cytotoxic cell 

Figure 5  Combination of VAX014 with systemic αCTLA-4 in the bilateral intradermal B16F10 model leads to upregulation 
of multiple immune pathways in distal non-injected tumors. (A) Complete comparative heat maps of immunotranscriptomes 
from total RNA extracted from distal non-injected B16F10 tumors after weekly intratumoral treatment of the contralateral 
B16F10 tumor designated for injection with VAX014 as monotherapy versus VAX014/αCTLA combination (n=3/group). 
Immunotranscriptome analysis was performed on total RNA isolated from non-injected tumors 2 days following the second 
weekly intratumoral treatment of the contralateral injected tumor with VAX014. (B) Hierarchical list of fold change in individual 
gene transcripts among select innate and adaptive immune pathway gene networks in non-injected B16F10 tumors from the 
VAX014/αCTLA-4 combination treatment group versus VAX014 as monotherapy. Red arrow highlights PD-1 gene (Pdcd1) in 
the T cell function gene network. (C) Comprehensive cytotoxic cell gene network signatures of non-injected B16F10 tumors 
following intratumoral treatment of the contralateral injected B16F10 tumor with saline, VAX014 monotherapy, systemic 
αCTLA-4 monotherapy, or VAX014/αCTLA-4 combination (n=3/group). Bar graph represents median values, and statistical 
significance of cytotoxic cell log abundance was analyzed using Student’s t-test. AG, antigen; DC, dendritic cell; IFN, interferon; 
log2 FC, log2 fold change; ns, not significant; TNF, tumor necrosis factor.
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gene network signatures of injected tumors was observed 
between the VAX014/αCTLA-4 combination and 
the tripartite VAX014/αCTLA-4/αPD-1 combination 
groups (figure 6C). In non-injected tumors, the change 
in cytotoxic cell gene networks followed an increase in 
intensity progressing stepwise from systemic αCTLA-4 
monotherapy to VAX014/αCTLA-4 combination to 
tripartite VAX014/αCTLA-4/αPD-1 combination group.

Effector TILs increase in distal non-injected tumors after 
treatment with tripartite combination
We next performed a comparative evaluation of the 
lymphocyte compartment of distal non-injected tumors 
among different treatment groups on day 14 post tumor 
implantation (figure  7, individual tumor growth rates 
used for TIL analysis shown in online supplemental 
figure S18). The percentage of CD45+ leukocytes within 
the total live cell population of non-injected tumors 
increased slightly in response to different treatment 
combinations in comparison to saline-treated control 
tumors (figure  7A). Notably, the percentage of CD3+ 
TILs among the total leukocyte population significantly 
increased in stepwise fashion in non-injected tumors 

following intratumoral treatment of the opposing tumor 
with VAX014 monotherapy, VAX014/αCTLA-4 combi-
nation, or tripartite VAX014/αCTLA-4/αPD-1 combina-
tion (figure 7B), and CD8+ TILs were the predominant 
infiltrating lymphocyte subset (figure  7C–E). In any 
treatment regimen containing VAX014, nearly all CD8+ 
TILs in the non-injected tumor had a cytotoxic pheno-
type (figure 7F). As a result of the large increase in CD8+ 
TILs, the percentage of CD4+ T cells decreased among 
the lymphocyte population, leading to a positive change 
in the overall CD8+/CD4+ TIL ratio (figure  7G–H). 
Additional analyses of tumor lymphocytes are provided 
in online supplemental figure S19. Finally, a signifi-
cant increase in CD8+ T effector memory (TEM) cells 
was observed in non-injected tumors from the tripartite 
combination (figure  7I), which is consistent with the 
ability of surviving mice that achieved CR of both tumors 
to either completely reject B16F10 tumor rechallenge or 
significantly delay tumor growth (figure 7J).

Figure 6  Tripartite combination of VAX014 with systemic CTLA-4 and PD-1 blockade effectively controls injected and non-
injected immunologically cold tumors. (A) Individual tumor growth rates and CR frequencies (n=10/treatment group) for injected 
and distal non-injected B16F10 tumors from the systemic αCTLA-4/αPD-1 treatment control group (left panel) versus the 
tripartite VAX014/αCTLA-4/αPD-1 combination group (right panel). Mean tumor growth rate of saline-treated tumors is shown 
for comparison (black line). (B) Survival curves from the tripartite VAX014/αCTLA-4/αPD-1 combination group in comparison 
to the systemic αCTLA-4/αPD-1 treatment control group. (C) Comprehensive cytotoxic cell gene network signatures of 
distal non-injected B16F10 tumors following intratumoral treatment of the contralateral injected B16F10 tumor with saline, 
VAX014 monotherapy, systemic αCTLA-4 monotherapy, VAX014/αCTLA-4 combination, or tripartite VAX014/αCTLA-4/αPD-1 
combination (n=3/treatment group). Bar graph represents median values. Statistical significance for mean tumor growth rates 
and cytotoxic cell gene signature log abundance was determined by Student’s t-test. Log-rank test was used for survival 
curves. Where present, error bars represent ±SEM. CR, complete response; ns, not significant.

https://dx.doi.org/10.1136/jitc-2023-006749
https://dx.doi.org/10.1136/jitc-2023-006749
https://dx.doi.org/10.1136/jitc-2023-006749
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DISCUSSION
In this study, we characterize the immunotherapeutic 
antitumor activity of VAX014, a novel non-viral oncolytic 
agent based on bacterial minicells, following direct injec-
tion into poorly immune infiltrated tumors. The B16F10 
murine melanoma model was selected as the central tumor 
model for these studies as it is well characterized, largely 
non-immunogenic, exhibits ‘immune desert’ histology 
with minimal presence of TILs, is resistant to systemic 
ICB, and can be manipulated to evaluate abscopal effects 
in distal non-injected tumors.17 18 25–28 In mice bearing 
a single intradermal B16F10 tumor, local intratumoral 
administration of VAX014 led to rapid tumor inflam-
mation, upregulation of multiple immune activation 

gene networks associated with antitumor responses, and 
observable antitumor effects (eg, flattening of palpable 
tumors) shortly following the first administered dose. 
Rapid flattening of tumors after the initial intratumoral 
administration of VAX014 occurred in every solid tumor 
model tested. This observation could simply be a function 
of the established rapid oncolytic mechanism of VAX014 
yet also suggests VAX014 may quickly promote local 
innate antitumor effector functions after intratumoral 
administration.14 The diminished antitumor activity of 
VAX014 injected B16F10 tumors in mice depleted of NK 
cells provides some evidence to support this, although 
ultimately, complete tumor clearance was dependent 
on CD8+ T cells. Together, these two observations may 

Figure 7  Tripartite combination of VAX014 with systemic CTLA-4 and PD-1 blockade increases cytotoxic CD8+ and effector 
memory TILs in distal non-injected tumors and protects from tumor rechallenge. On day 14 post tumor implantation, non-
injected tumors were extracted and evaluated for (A) percentage of total leukocytes (CD45+) among live tumor cells. (B) 
Percentage of total lymphocytes (CD45+CD3+) among total leukocytes. (C) Percentage of CD8+ T cells (CD45+CD3+CD8+) 
among total leukocytes. (D) Percentage of CD4+ T cells (CD45+CD3+CD4+) among total leukocytes. (E) Percentage of CD8+ T 
cells among total lymphocytes. (F) Percentage of cytotoxic effector CD8+ T cells (CD45+CD3+CD8+GzmB+) among total CD8+ 
lymphocytes. (G) Percentage of CD4+ T cells among total lymphocytes. (H) Ratio of CD8+ T cells to CD4+ T cells. (I) Percentage 
of CD8+ TEM cells (CD45+CD3+CD8+CD44+CD62L−) among total lymphocytes. Median values from each treatment group 
are plotted (n=5–6/treatment group). (J) Individual tumor growth rates following RC of long-term survivors from the tripartite 
VAX014/αCTLA-4/αPD-1 combination with a single intradermal B16F10 tumor (n=10) performed 35–45 days post CR. Mean 
tumor growth rate of naïve control tumors (n=19) is shown for comparison (black line). Error bars represent±SEM. (K) Survival 
curves of tripartite VAX014/αCTLA-4/αPD-1 combination rechallenged survivors and naïve controls. Statistical significance of 
immune cell data was analyzed using Mann-Whitney U-test, and log-rank test was used to determine significance in survival. 
RC, rechallenge; RJ, rejection of rechallenged tumor; TEM, T effector memory; TIL, tumor-infiltrating lymphocyte.
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support a model where innate antitumor effector func-
tions provide a first wave of immune-mediated antitumor 
activity after intratumoral administration of VAX014, 
which keeps tumors at bay until a secondary lympho-
cytic response sufficient to completely clear tumors can 
be mounted. While more work remains to elucidate this 
potential mechanism, this biphasic model of immune 
events aligns with known mechanisms of immune-
mediated tumor clearance.22 Injected tumors actively 
responding to VAX014 consistently exhibited elevated 
leukocytes, the majority of which were CD8+ TILs, whereas 
rebounding and saline-treated control tumors did not, a 
finding consistent with what one would expect, given the 
CD8+ T cell-dependent activity of VAX014. The adaptive 
response was systemic and specific for the injected tumor 
type as determined in vitro by CTL activity and in vivo by 
a lack of abscopal response when a different syngeneic 
tumor was used as the non-injected tumor in the bilat-
eral tumor model. Notably, in comparison to the strong 
CTL activity against B16F10 target cells, only marginal 
CTL activity was observed against either gp100 or TRP-2 
B16F10 tumor-selective MHC-I restricted peptides.29 30 
This may provide evidence that intratumoral administra-
tion of VAX014 confers a T cell response against a broad 
repertoire of tumor epitopes (ie, epitope spread), which 
is considered a positive attribute with respect to curtailing 
tumor immune escape.31 32 While outside the scope of 
this report, future work incorporating a longitudinal 
evaluation of T cell evolution over time using deep T cell 
receptor sequencing following treatment with VAX014 is 
warranted.

We also demonstrated intratumoral administration with 
VAX014 led to appreciable abscopal effects including 
complete tumor clearance of distal non-injected tumors 
in the immune excluded MB49 model. However, and 
not unexpectedly, abscopal effects were more subdued 
in the immune desert B16F10 model, where TMEs are 
bereft of TILs. Interestingly, in both bilateral intradermal 
tumor models, we observed reduced CR rates in response 
to VAX014 in injected tumors. This phenomenon only 
occurred when using the same tumor in each flank. In 
contrast, when two different tumors were implanted 
in opposite flanks, there was no change in CR rate in 
response to VAX014 in injected tumors (online supple-
mental figures S14 and S15) in comparison to when a 
single intradermal tumor was used. This observation 
suggests some form of tumor-promoting crosstalk occurs, 
which may be related to increased tumor burden when 
identical tumors are used in bilateral tumor models. One 
intriguing possibility is that these tumors produce factors 
that promote aberrant myelopoiesis of MDSCs from the 
bone marrow of immune competent mice. Doubling the 
tumor burden in the bilateral models would presumably 
enhance the global production of these factors, accelerate 
myelopoiesis of MDSCs, and may lead to additive systemic 
and/or peripheral immune suppression. Based on the 
known immunosuppressive role of MDSCs in preclinical 
tumor models, enhanced myelopoiesis owing to increased 

systemic tumor burden may represent a possible expla-
nation for the reduced CR rates seen in tumors injected 
with VAX014 in both bilateral tumor models. While 
further investigation is required to evaluate the role of 
MDSCs in the bilateral tumor models, we did observe a 
marked increase of MDSCs in the periphery in relation to 
tumor size in mice bearing a single B16F10 tumor when 
characterizing the model for use in these studies (online 
supplemental figures S9 and S10).19 20 Clinically, elevated 
MDSCs in peripheral blood are associated with more 
aggressive disease coinciding with worse prognosis.33

Based on limited abscopal effects following intratu-
moral administration of VAX014 alone in the immune 
desert B16F10 model, we hypothesized any established 
immune suppressive mechanisms in distal non-injected 
B16F10 tumors may have prevented TIL infiltration and/
or effector function at the non-injected tumor site and 
that combination with ICB against either PD-1 or CTLA-4 
would help to overcome immunosuppression and 
improve immune-mediated clearance of non-injected 
tumors. To explore this, we again used the bilateral 
intradermal B16F10 model to evaluate treatment regi-
mens combining intratumoral VAX014 with systemic 
ICB against either PD-1 or CTLA-4 and found combi-
nation with either αPD-1 or αCTLA-4 led to improved 
responses in injected tumors, but only the VAX014/
αCTLA-4 combination led to improved control of distal 
non-injected tumors. Improved tumor control following 
addition of αCTLA-4 was associated with higher levels of 
cytotoxic CD8+ TILs in non-injected tumors as well as a 
decrease in the number of CD4+ Tregs (online supple-
mental figure S19). Indeed, immunotranscriptome anal-
ysis of non-injected tumors from the VAX014/αCTLA-4 
combination treatment group confirmed upregulation 
of multiple immune pathways associated with devel-
opment of an antitumor T cell response but also iden-
tified marked upregulation of PD-1. Addition of PD-1 
blockade to the VAX014/αCTLA-4 combination treat-
ment regimen further improved abscopal effects, led to 
frequent durable CRs of both injected and non-injected 
tumors, enhanced overall long-term survival, and led to 
antitumor immunological memory. Interestingly, immu-
notranscriptome analysis showed no difference in the 
number of individual genes upregulated in tumors from 
the tripartite VAX014/αCTLA-4/αPD-1 combination 
treatment group in comparison to the VAX014/αCTLA-4 
combination. However, the comprehensive cytotoxic cell 
gene network intensified significantly in non-injected 
tumors from the tripartite combination treatment group, 
indicating more robust immune activation relative to the 
VAX014/αCTLA-4 combination. Immunophenotyping 
of TILs in non-injected tumors after tripartite treatment 
combination indicated higher levels of effector CD8+ TILs 
as well as a significant increase in CD8+ TEM cells, which 
was consistent with the finding that mice exhibiting CR 
of both tumors in this treatment group developed immu-
nological memory against tumor rechallenge. It is inter-
esting to note that complete tumor control following 

https://dx.doi.org/10.1136/jitc-2023-006749
https://dx.doi.org/10.1136/jitc-2023-006749
https://dx.doi.org/10.1136/jitc-2023-006749
https://dx.doi.org/10.1136/jitc-2023-006749
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https://dx.doi.org/10.1136/jitc-2023-006749
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rechallenge was observed in only 35% of mice in the 
B16F10 model after clearance of primary tumors in the 
bilateral model (and the single-tumor model), despite 
a robust tumor-specific CTL response, complete depen-
dency on CD8+ T cells for tumor clearance, elevated 
levels of CD8+ T cells in actively responding tumors, and 
elevated CD8+ TEM cells in non-injected tumors of the bilat-
eral model after tripartite treatment. This calls into ques-
tion whether protective antitumor memory is established 
in the CD8+ T cell compartment in response to VAX014 
in the B16F10 model. There is evidence to suggest that 
the lower tumor rejection rate in the B16F10 model may 
be related to the lack of detectable MHC-I expression in 
this tumor cell line in comparison to the other models 
used in this study. For example, MHC-I expression was 
detectable in the MB49 model both in vitro and in vivo, 
and in that model, which is syngeneic to B16F10, 100% 
of mice demonstrated complete tumor control on rechal-
lenge. Similarly high rechallenge rejection rates were also 
observed in the CT26/Balb/c model. A more detailed 
comparative analysis looking specifically at potentially 
disparate memory responses between models will require 
further investigation.

This study serves as a prelude for the clinical investi-
gation of VAX014 and provides compelling evidence this 
novel non-viral oncolytic agent facilitates in situ immu-
nization following intratumoral administration while 
bolstering the activity of ICB to enhance clearance of 
distal non-injected tumors, even those with an immune 
desert phenotype. Clinical data from first generation 
OV therapies administered by direct tumor injection in 
combination with systemic ICB have provided encour-
aging results and have paved the way for this emerging 
treatment paradigm, but it is clear the activity of OVs 
remains marginal, and a straightforward path to improve-
ment of OVs is not presently clear.7 34 35 VAX014 differ-
entiates from OV-based therapies in several ways. First, 
VAX014 induces rapid oncolysis by delivering a potent 
pore-forming protein toxin directly to tumor cells.15 16 
At the same time, VAX014 potently stimulates multiple 
immune activation networks, including an IFN response. 
The close juxtaposition of these two critical events is 
unique to VAX014 and may better ensure the availability 
of tumor antigens at the peak of immune activation, 
which may lead to more robust cross-presentation and T 
cell priming. This is different from OVs, which activate 
the immune response on infection but do not generate 
an oncolytic event until viral burst, which occurs days 
later, following completion of the viral life cycle. Second, 
unlike OVs, VAX014 does not require replication for 
oncolysis and therefore may not be negatively affected by 
a type I IFN response, a known barrier to viral replica-
tion and, therefore, OV-mediated oncolysis.36 In addition, 
VAX014 is derived from bacterial minicells with immune-
attenuated lipopolysaccharide and contains multiple 
pathogen-associated molecular pattern molecules that 
can engage and activate different supportive innate path-
ways.15 16 37–39 Finally, the weekly dosing regimen reported 

in these studies is the same that will be used clinically. This 
is in stark contrast to OVs, where preclinical reports typi-
cally use a dosing frequency of three to four intratumoral 
administrations a week, yet clinically are given once every 
3 weeks.10 40–44 Taken together, VAX014 represents a new 
oncolytic treatment modality primed for clinical investi-
gation alone and in combination with ICB in advanced 
solid tumor indications.

CONCLUSIONS
VAX014 facilitates in situ immunization following local 
intratumoral administration. The combination of VAX014 
with ICB in preclinical immunologically cold ICB-
resistant solid tumor models led to enhanced immune-
mediated clearance of injected and distal non-injected 
tumors, coinciding with durable long-term survival and 
protective immunological memory. Results of this study 
provide rationale for the clinical investigation of VAX014 
for the intralesional treatment of advanced solid tumors.
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