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A phase I study of an adenoviral vector deli-
vering aMUC1/CD40-ligand fusion protein in
patients with advanced adenocarcinoma

A list of authors and their affiliations appears at the end of the paper

Cancer vaccines as immunotherapy for solid tumours are currently in devel-
opment with promising results. We report a phase 1 study of Ad-sig-hMUC1/
ecdCD40L (NCT02140996), an adenoviral-vector vaccine encoding the
tumour-associated antigen MUC1 linked to CD40 ligand, in patients with
advanced adenocarcinoma. The primary objective of this study is safety and
tolerability. We also study the immunome in vaccinated patients as a sec-
ondary outcome. This trial, while not designed to determine clinical efficacy,
reports an exploratory endpoint of overall response rate. The study meets its
pre-specified primary endpoint demonstrating safety and tolerability in a
cohort of 21 patientswith advanced adenocarcinomas (breast, lung andovary).
The maximal dose of the vaccine is 1 ×1011 viral particles, with no dose limiting
toxicities. All drug related adverse events are of low grades, most commonly
injection site reactions in 15 (71%) patients. Using exploratory high-
dimensional analyses, we find both quantitative and relational changes in the
cancer immunome after vaccination. Our data highlights the utility of high-
dimensional analyses in understanding and predicting effective immu-
notherapy, underscoring the importance of immune competency in cancer
prognosis.

Harnessing effective immunity against cancer, such as through ther-
apeutic cancer vaccination, promises greater specificity at potentially
reduced toxicities compared to other treatments. However, this
approach presents unique challenges, such as the severely immuno-
suppressive environment in cancer patients, particularly those with
metastatic disease and heavy pre-treatment, as well as the low immu-
nogenicity of self-tumour-associated antigens (TAAs). Hence, ther-
apeutic cancer vaccines have overall met with suboptimal clinical
results despite their attractiveness. Novel approaches are needed not
only in vaccine design but also in the understanding of the immunome
in cancer and its modulation by such immunotherapies.

The transmembranemucin, MUC1, is an example of a classic TAA.
Tumour-associated MUC1 is ubiquitously overexpressed, hypoglyco-
sylated, and secreted as soluble glycoforms (e.g. CA 15-3 or CA27.29)
by epithelial adenocarcinomas, including those of the breast, ovary,
colon, and lung1–3. Structural differences between MUC1 isoforms

associated with normal and cancer cells make it a highly considered
target for cancer vaccination. MUC1 ranks amongst the top 75 cancer
antigens prioritised by the US National Cancer Institute for transla-
tional research2. Despite this, multiple different MUC1 vaccines have
been tested in early-phase trials with limited success4. There remains
an unmet need and an importance in developing novel MUC1 vaccine
approaches to activate the immune system and overcoming the
immunosuppressive tumour microenvironment.

Immunostimulatory adjuvants can enhance, potentiate and
entrench responses to TAAs5. One approach is to deliver co-
stimulatory molecules alongside the antigen of interest. CD40 ligand
(CD40L), normally expressed by CD4 T cells, binds CD40 receptors on
antigen-presenting cells (APC) such as dendritic cells, and is indis-
pensable for dendritic cell licensing6,7. CD40L also promotes Th1
responses8 and may inhibit tumour growth or cause tumour cell
death9. This ligand has been demonstrated to be highly immunogenic
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in vaccine platforms when conjugated to a TAA, as demonstrated in
preclinical models7,10. The choice of vector also influences the immu-
nogenicity of the vaccine response. Adenoviruses (AdV), such as
human adenovirus 5 (Ad5), are leading candidate vectors due to their
safety and ability to elicit both anti-viral and anti-tumour responses11,12.

We combined these two strategies, using Ad-sig-hMUC1/
ecdCD40L, a recombinant adenovirus vaccine comprising human
MUC1 (hMUC1) antigen fused to the extracellular domain of the CD40
ligand (CD40L)13–15. In preclinical experiments, two subcutaneous
injections of Ad-sig-hMUC1/ecdCD40L conferred resistance against
engraftment of hMUC1+ cancer cell lines and induced regression of
established hMUC1+ tumours in mouse models13–15.

In this work, a first-in-human study of this combination vaccine
construct, we undertake a Phase 1 trial in a cohort of 21 patients with
MUC1-overexpressing adenocarcinomas. We achieve the primary
outcome, of safety and tolerability at the highest dose of Ad-sig-
hMUC1/ecdCD40L tested. To gain insight on the immunomodulatory
effects of this vaccine and identify targets for further potentiation, we
leverage high dimensional deep immunomics, demonstrating differ-
ences in the cancer immunome compared to matched healthy con-
trols, and show that vaccination with Ad-sig-hMUC1/ecdCD40L results
in quantitative changes in the frequencies of certain immune cell
subsets as well as relational changes in immune networks. Our results
suggest that the clinical outcome of immunotherapies against cancers
mayalsodependon the integrity of the architectureof the immunome.
When validated, our data may also provide an avenue to develop
predictive testing of responses to immunotherapy. These findings
provide a foundation for further development of MUC-1-targeted
therapies, and a blueprint to leverage high-dimensional approaches
for developing our understanding of the manipulation of the immu-
nome during cancer immunotherapy.

Results
Study outline and patient characteristics
A total of 21 patients were enroled between September 2014 and
November 2018 in this single-site study. Patient characteristics,
tumour subtypes, and the number of lines of therapy are summarised
in Table 1 and Supplementary Table 1. The median age was 60 (range
34–88). All patients had histologically proven locally recurrent or
metastatic adenocarcinomas of the breast (n = 13, 62%), ovary (n = 7,
33%) or lung (n = 1, 5%) which is not amenable to curative resection and
elevated MUC1 levels as determined by tumour immunohistochem-
istry or serum tumour marker at any time since diagnosis of cancer.
The median number of lines of treatment in the advanced or meta-
static setting prior to study entry was 3 (range 0–10).

The study drug, Ad-sig-hMUC1/ecdCD40L, is a non-replicative
adenovirus (AdV) 5 vector vaccine. The vaccine vector includes a 20aa
MUC-1 tandem repeat and extracellular domain ofCD40Lunder aCMV
promoter and utilises the human growth hormone secretory signal
sequence (Sig), as shown in the vaccine vector diagram in Fig. 1a. The
trial CONSORT diagram is as outlined in Fig. 1b.

Safety, tolerability and clinical responses to vaccination
All patients were administered the vaccine and included in the safety
and efficacy endpoint analysis. In the first part of the study (dose
escalation), a single injection of Ad-sig-hMUC1/ecdCD40L vaccine was
administered to4 sequential cohorts comprisingof threepatients each
up to a maximally administered dose of 1 × 1011 viral particles. The
vaccine was safe and well tolerated with no dose-limiting toxicities
(DLTs) observed. Six additional patients were treated in expansion
cohorts 5 and 6, which test for toxicity and efficacy of two and three
successive administrations of the vaccine 7 days apart. It was intended
to recruit a further six patients to cohort 7, which evaluates safety and
efficacy of 5 vaccine administrations. However, the trial closed to
recruitment after the recruitment of the 3rd patient to cohort 7 due to

slow accrual. All drug-related adverse events (AEs) were of low grades
1–2. Injection site reactions in 15 (71%) patients, fever in 2 (10%) and
fatigue and rash occurred in one patient (5%) (Table 2). Three patients
experienced grade 3 AEs which were deemed unrelated to the study
drug (Supplementary Table 2). As an exploratory endpoint, objective
tumour evaluation was conducted 2 months post last vaccination in
cohorts 1-6 and ondays 112 and 172 for cohort 7. Of the 17 patients who
hadmeasurable disease based on Response Evaluation Criteria in Solid
Tumours (RECIST) v1.1, 10 had stable disease (48%) and 7 (33%) had
progressive disease. There were no confirmed partial or complete
responses. (Supplementary Fig. 1 and Supplementary Table 3).

Antigen-specific responses to vaccination
To assess MUC-1 specific cytotoxic lymphocytes (CTL) responses, we
assayed lymphocyte cytokine production by ELISpot using MUC1
peptides as stimuli (Supplementary Table 4). MUC1-specific IFNγ
responses were significantly induced by vaccination (Supplementary
Fig. 2a). This occurreddespite pre-existing seropositivity to adenovirus
(AdV) present in the majority (15/21) of patients prior to vaccination
and the elevation of anti-AdV titres post-vaccination (Supplementary
Fig. 2b, Eq. (1)). However, ELISpot has significant limitations, as: i) it has
been reported in the literature that antigen-specific responses to can-
cer vaccines commonly do not correlate with clinical outcome16–18 and
ii) it does not have the sensitivity or dimensionality to take into account
other broader immune responses in response to the intervention, such
as antigenic cascade19, which may lead to changes in the overall
immunome of patients. This led us to investigate immune changes
elicited by Ad-sig-hMUC1/ecdCD40L in a more holistic manner.

Vaccination boosts cytotoxic CD8Tcells and antigenpresenting
CD14+ monocytes in the context of the dysregulated systemic
cancer immunome
Cancer is a systemic disease perturbing the entire immunome20,21.
Vaccination and other systemic immunotherapies may affect

Table 1 | Patient demographics and clinical characteristics

Number of patients (%) N = 21

Total number of patients 21 (100)

Age at consent

Median (IQR) 60 (51.0, 65.0)

Range 34–88

Gender

Male 1 (4.8)

Female 20 (95.2)

Ethnic group

Chinese 16 (76.2)

Indian 1 (4.8)

Others 4 (19.0)

Primary disease site

Breast 13 (61.9)

Lung 1 (4.8)

Ovary 7 (33.3)

ECOG performance status

0 6 (28.6)

1 15 (71.4)

Number of prior lines of treatment

Median 3

Range 0 – 10

Baseline CA 15-3, U/ml (Lab reference value < 25.1 U/ml)

Median (IQR) 37.2 (21.7–101.0)

Range 11.6–634.0
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such perturbations in cancer patients. To first establish the
immune mechanisms dysregulated in cancer patients compared to
healthy controls, we obtained PBMCs from healthy volunteers age
and sex-matched to our patient cohort22 (see Methods). We per-
formed cytometry by time-of-flight, (CyTOF) using two panels,
Panel 1 (P1) being a T cell focused panel, and Panel 2 (P2) a B cell/
APC focused panel) (Supplementary Tables 5 and 6). In total,
we utilised 71 unique surface and intracellular markers. As P2
was focused on B cells and APCs, we gated and manually removed
CD3 cells before analysis. Our mass cytometry data was then
analysed through the web application and workflow, EPIC, a tool

that we developed to depict and dissect the human systemic
immunome23.

For an initial summarisation of the differences between baseline
cancer patients and healthy controls, we performed a tSNE analysis,
similar to principal component analysis (PCA), on the mass cytometry
data (Supplementary Fig. 3a). The resulting tSNE graph showed that
the immune architecture of cancer patients was organised distinctly
from healthy individuals. Within the cancer group, a few patients
clustered more closely to healthy subjects than others, suggesting a
possible stratification based on heterogeneity in immune dysregula-
tion among cancer patients. Heterogeneity did not appear to bedue to

a 

b
Enrolled (n=21)

Received treatment (n=21)

  Dose Level 1 (Day1: 1X109) (n=3)
  Dose Level 2 (Day1: 1X1010) (n=3)
  Dose Level 3 (Day1: 5X1010) (n=3)
  Dose Level 4 (Day1: 1X1011) (n=3)
  Dose Level 5 (Days 1, 8 : 2X1011) (n=3)
  Dose Level 6 (Days 1,8, 22: 3X1011) (n=3)
  Dose Level 7 (Days 1, 8, 22, 52, 82: 5X1011) (n=3)         

Discontinued study (n=7, 33%)
6: progressive disease
1: withdrawn consent
Lost to followup (n=1)

Assessed for efficacy and safety endpoints (n=21)
Assessed for immunological outcomes (n=20)
Excluded from immunological analysis due to lack of followup (n=1)

Fig. 1 | Vaccine vector and trial flow diagram. a Schema of vaccine expression
vector. b Trial flow diagram and vaccination regimen. Dosage numbers indicate

number of viral particles. Sig: human growth hormone signal peptide. CMVpr:
cytomegalovirus promoter, ecd:extracellular domain, nt: nucleotide.
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the type of cancer, which were all adenocarcinoma (Supplementary
Fig. 3b). Therewereno significant differences in the changes in tumour
measurements by dose level or cancer type (Supplementary Fig. 3c, d)
hence we performed further analyses on the cancer cohort as a whole.

To further investigate the differences in immune subsets between
healthy immunomes and those of cancer patients, we first visualised
the distribution of cells on a tSNE map. In this type of visualisation,
cells with similar expressionmarkers are grouped together. Using data
from P1, we created a reference tSNE map by overlaying manually
gated major immune lineages, such that we could compare the dis-
tributions of broad immune subsets based on their location on the
tSNE graph (Supplementary Fig. 4a(i)). We then compared these dis-
tributions to cell density embedded graphs projected on the same
tSNE maps, across healthy, pre-vaccine cancer baseline, and post-
vaccine (Supplementary Fig. 4a(ii)). On a broad level, healthy immu-
nomes had a significantly greater proportion of CD8+ T cells, as con-
firmed by manual gating of broad immune subsets (Supplementary
Fig. 4a(iii)). Going into further detail, we investigated specific immune
differences using our analysis pipeline (Supplementary Fig. 4b), and
identified 26/64 clusters significantly different between healthy and
pre-vaccine cancer. Repeating the same type of analysis using P2, we
observed that CD14 +monocytes were significantly decreased in pre-
vaccine cancer samples compared to healthy (Supplementary
Fig. 2a(i–iii)), with 13/36 clusters significantly different between heal-
thy and pre-vaccine cancer. In total, cancer and healthy immunomes
differed significantly in frequency in 39/100 clusters identified. Cluster
frequencies are reported in Supplementary Figs. 6 and 7. Echoingwhat
we observed using broad immune phenotypes, IFNγ-producing cyto-
toxic CD8 (P1_47, Supplementary Figs. 4b and 6g), as well as CD14 +
monocytes (P2_31, Supplementary Figs. 5b and 7a), were deficient in
cancer compared to healthy immunomes. This analysis also identified
more subtle changes that were not reflected in changes of major
immune subsets. For example, not all clusters were uniformly
decreased in cancer, with a population of TBET- memory CD4 T cells
(P1_28, Supplementary Figs. 4b and 6a) and CD14- CX3CR1 +
monocytes (P2_25, Supplementary Figs. 5b and 7c) being elevated in
cancer. This highlights the global dysregulation of the cancer immu-
nome, with an involvement of both adaptive and innate arms of the
immune system.

We then investigated the changes in the immunome of cancer
patients after vaccination. One striking difference was the increase in
IFNγ + and granzyme B (GZMB) expressing cytotoxic CD8s after vac-
cination, which could have potential anti-tumour activity (Fig. 2a). As
we noticed that several IFNγ and GZMB-expressing CD8 clusters had a
similar phenotype, we combined them during validation by manual
gating (Fig. 2b), and confirmed that overall, these immune cells were
significantly induced by vaccination. The innate immune system, spe-
cifically CD14 +monocytes and CD1c + dendritic cells (Fig. 2c), were
also induced by vaccination, as determined by our unsupervised ana-
lyses. Manual gating confirmed that CD14 +monocytes were sig-
nificantly increased post-vaccination (Fig. 2d). This suggests that

vaccination results in quantifiable immune shifts even in immune-
dysregulated cancer patients.

Vaccination reorganises the global immune network and
increases the complexity of node connections
To represent these immune differences in a relational manner rather
than by cell frequency changes, we visualised the immunome at a
systems level using a network analysis framework as first described in
Kumar et al.24 Briefly, proportions of cellular subsets (nodes/clusters)
from P1 and P2mass cytometry data were calculated, using 10 samples
each from pre and post-vaccination groups (Supplementary Table 7).
Pairwise correlations between each node pair were then calculated to
build a correlation-based immune cell network. To define the edge, or
interaction, between two nodes, the absolute coefficient cut-off of 0.6
or above was used. The network was plotted using force-directed
layout. The colour of these connecting edges represents the direction
of correlation (blue: negative correlation, yellow: positive correlation)
(Fig. 3a, pre-vaccination, and Fig. 3b, post-vaccination). We manually
assigned each node to a cellular phenotype based on lineage marker
expression (CD4, CD8, NK cells, B cells, monocytes, and γδT cells).
Comparing the properties of network graphs of cancer patients pre-
and post-vaccination, vaccinated patients increased the number of
positively related connections (from 260 to 281) while decreasing
negatively correlated connections (from 101 to 76). Modularity
(restricted connections to between groups of nodes, or modules,
rather than the wider network) also decreased from 0.118 to 0.104
(Supplementary Table 8). We then overlaid effector (GZMB, IFNγ, or
TNFα) expression onto the networks (Supplementary Fig. 8). In the
pre-vaccination network, we noticed that a subset of effector CD8
nodes (black asterisks, Fig. 3a, Supplementary Fig. 8a) formed a
module on the edge of the network. After vaccination, these nodes
becamemore distributed in the network, forming connections with an
increased number of nodes and cell types (Fig. 3b, Supplementary
Fig. 8b). This was exemplified in node P1_48, a GZMB-expressing CD8
node, which was connected to three other nodes pre-vaccination
(Supplementary Fig. 9a). Post-vaccination, P1_48 had an increased
number of connections, particularly to CD4 T cell nodes (Supple-
mentary Fig. 9b). Interestingly, the connection to P1_13, a Treg node,
was preserved, suggesting a possible functional relationship between
the two cell types. We also observed a similar pattern in P1_40, a
memory CD8 node co-expressing IFNγ and PD-1. In pre-vaccination
cancer, P1_40 had few connections, mostly to other effector CD8
nodes (Fig. 3a, black asterisks, Supplementary Fig. 9c). Vaccination
increased the number and variety of correlated nodes (Supplementary
Fig. 9d). Interestingly, after vaccination, P1_40 formed a module with
other nodes expressing inhibitory markers such as CTLA-4 (P1_7, P1_1,
P1_16 and P1_9) and Tregs (P1_8). Altogether, these data suggest that
vaccination can, in a limited fashion, re-invigorate the deficient
immune systems of cancer patients in a relational manner.

Elevation of GZMB+CD8 T cells and B cells after vaccination in
stable disease patients
Inherent heterogeneity in immunological responses could explain
divergent outcomes to vaccine therapy. To investigate immune
responses associated with better clinical outcome, we examined both
clinical and immunological data for possible stratification of respon-
ses. Based on clinical RECIST v.1.1 classification25, patients could be
divided into those with stable disease (SD) and those with progressive
disease (PD) (Supplementary Table 3). Therewere 4patients that could
not be classified by RECIST, A01, A06, A08 and A20. These patients
were excluded from stratified analyses.

We then investigated the immune response to vaccination in SD
patients. Immune cell subsets in SD patients before and after vacci-
nation were compared for significant differences usingMann–Whitney
U test. Unsupervised analyses identified cytotoxic CD8 T cells

Table 2 | Adverse events (AE) deemed possibly, probably, or
certainly related to study drug graded according to Common
Terminology Criteria for Adverse Events (CTCAE) 4.0

AE Grade 1 Grade 2 Grade ≥ 3 Any Grade

Injection site
reaction

9 (43%) 6 (29%) 0 15 (71%)

Fever 2 (10%) 0 0 2 (10%)

Fatigue 1 (5%) 0 0 1 (5%)

Rash 1 (5%) 0 0 1 (5%)

Occurrence of adverse events are displayed as percentage of the 21 patients enroled in
the study.
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Fig. 2 | Vaccination is associated with increases in cytotoxic CD8 T cells and
antigen presenting monocytes. Mass cytometry data was clustered by FlowSOM
and analysed for clusters that differed pre (red) and post (black)-vaccination.
a Cluster phenotypes identified using a T cell focused panel (P1). bManually gated
cytotoxic CD8 T cells. Pre-vaccination: n = 12 patients, post-vaccination: n = 12
c Cluster phenotypes identified using a B cell/APC focused panel (P2). d Manually

gated clusters in (c) Pre-vaccination: n = 15, post-vaccination: n = 14. Heatmap
represents the scaled arcsin median expression of each marker. P-values were
computedbyMann–Whitney U test (two-tailed). Error bars indicate SEofmean. For
each staining panel, some samples were excluded from supervised analyses due to
insufficient cell numbers. Source data are provided as a Source Data file.
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Fig. 3 | Vaccination reshapes immune networks in cancer patients. Network
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(correlationcoefficient: 0.6). Yellowedges represent negative correlations andblue
edges represent positive correlations. Nodes are coloured by cell type (blue: CD4,
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The thickness of the line represents the strength of the correlation. Asterisks: nodes
of interest. Source data are provided as a Source Data file.
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expressing IFNγ and GZMB, as well as CXCR5 +B cells (Fig. 4a), as
clusters that increased in frequency after vaccination. We verified the
increase of cytotoxic CD8 T cells and CXCR5 +B cells bymanual gating
(Fig. 4b). Interestingly, these were subsets that were significantly dif-
ferent between healthy controls and cancer patients at baseline (Sup-
plementary Fig. 6g). There was also a slight decrease in regulatory
FOXP3 + and IL-10 +CD4 T cells, but this was not significant when
verified by supervised gating. We also compared patients with pro-
gressive disease (PD) pre- and post-vaccination (Supplementary
Fig. 10). However, the sample sizewas too small to achieve significance.

This suggests that vaccination with Ad-sig-hMUC1/ecdCD40L eli-
cits contrasting immune responses in SD patients compared to those
with PD. This contrast in the architecture of the immunome is likely the
cornerstone of the clinical fate of the intervention.

Discussion
We report here a first-in-human, phase 1 study of Ad-sig-hMUC1/
ecdCD40L therapeutic cancer vaccine directed against the MUC1
tumour antigen. The trial achieved the primary endpoints of safety and
tolerability, with no grade 3 or higher drug-related AEs reported even
at the highest dose tested (Table 2). This encouraging safety profile

paves the way for further studies in larger cohorts to determine the
optimum dosage for this vaccine.

Without claiming, as obvious for this stage of development, clin-
ical efficacy, and despite the heavily pre-treated, advanced, and often
widely metastatic disease of the patients enroled (Table 1), we were
able to separate patients based on the presence of clinical benefit,
based on validated criteria25. Importantly, our analysis showed that the
baseline immunomes of the cancer patients in our study were broadly
dysregulated compared with healthy controls, with significant devia-
tions in 39 out of 100 immune cell clusters found in our high-
dimensional analysis (Supplementary Figs. 4 and 5). In particular, there
were notable differences in cytotoxic IFNγ +GZMB+CD8, and CD14
cell frequencies (Supplementary Figs. 4b, 5b, 6g and 7a), highlighting
the dysfunction of both adaptive and innate immunity. Despite this,
vaccination had quantitative and qualitative effects on the immune
system. Vaccination increased the proportion of cytotoxic CD8 T cells
(Fig. 2b) as well as CD14 +monocytes (Fig. 2d) which were significantly
different betweenhealthy andbaseline cancer (Supplementary Figs. 6g
and 7a).

Using network analysis, we demonstrated that vaccination par-
tially restored the connectivity of immune networks in cancer. Cancer

CD45
RA

CD45
RO

CD19 CD8
CD4

FOXP3
CD25

TNFA
IFNY GB

TIG
IT

CD31

CXCR5
CCR7

IL-
10

P1_54

P1_39

P1_41

P1_50

P1_13

P1_2

0 0.2 0.4 0.6 0.8 1.0

pr
e-

va
cc

po
st

-v
ac

c

GZMB+ IFNγ+ 
TNFα+ CD8 

B cell

regulatory cells

a

b GZMB+ TIGIT+ CD8 B cell

pre
-va

cc

po
st-

va
cc

0.00

0.05

0.10

0.15

0.20

%
 o

f C
D

45
+

0.0087

pre
-va

cc

po
st-

va
cc

0

10

20

30

%
 o

f C
D

45
+

0.0411

Fig. 4 | Stable disease patients show increased cytotoxic CD8s and B cells post-
vaccination. a Mass cytometry data were clustered by FlowSOM and analysed for
clusters that differed pre and post-vaccination in patients with stable disease as
defined by RECIST v.1.1. The phenotypes of these clusters are summarised in the
heatmaps of marker expression. The median frequency of each cluster was repre-
sented by the size of the dots. b Manual gating validation of selected subsets in

(a) Heatmap represents the scaled arcsin median expression of each marker.
Mann–Whitney U tests (two-tailed) were performed to compare between groups
(n = 6 patients). Error bars indicate SE of the mean. Some samples were excluded
from supervised analyses due to insufficient cell numbers. Source data are pro-
vided as a Source Data file.
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immunomes pre-vaccination had higher modularity (restricted con-
nections, which was reduced by vaccination (Fig. 3, Supplementary
Table 8). This pattern was particularly pronounced when looking at
individual nodes (P1_48, Supplementary Fig. 9a, b and P1_40, Supple-
mentary Fig. 9c, d), where pre-vaccination patients had markedly
reduced connectivity and complexity of networks compared to post-
vaccination. This suggests that in cancer, specific immune cell types
may have a limited ability to interact with, influence and/or be influ-
enced by other cell types thus compromising effective anti-tumour
immunosurveillance. Connectivity appears to be partially recovered
after vaccination. In particular for PD-1+ nodes such as P1_40, future
studies could determinewhether this sub-population represents a pre-
exhaustion, but still functional, subset of T cells26–28 and if future
combinations of this therapy, such as with anti-PD-1 immune check-
point blockade, for example, could be explored.

This pattern of immune restoration was specifically present in a
subset of our patients cohort who had SD disease by RECIST classifi-
cation. SD patients showed potentially beneficial significant increases
in cytotoxic CD8 T cells and B cells (Fig. 4a, b), echoing the overall
changes in response to vaccination (Fig. 2b, d).

Our data suggests a broad effectof vaccinationactivatingmultiple
arms of the immune system, including potentially oncolytic CD8s
(Fig. 2b), an expected outcome from an adenoviral vector11,29. Vacci-
nation also increased frequencies of monocytic antigen-presenting
cells (CD14 + cells, P2_27, Fig. 2d), possibly activated by CD40L, which
is broadly immunostimulatory14,30, and has been shown to improve
immunogenicity in multiple pre-clinical and clinical studies10,30,31.
These data corroborate accumulating evidence that an efficient
immune system is necessary systemically to effectively counteract
cancer32 and that systemic immunotherapies must successfully mod-
ulate not only the cancer microenvironment but also the peripheral
immune system. Our findings, as well as our previous experience in
multiple disease settings24,33–35, demonstrate that high-dimensional
methods can identify subtle changes in response to therapies that can
be targeted and enhanced in further studies.

In summary, we have demonstrated that Ad-sig-hMUC1/
ecdCD40L vaccine is safe and tolerable, supporting further testing of
this vaccine in a larger cohort. A follow up study combining this vac-
cine with an immune checkpoint inhibitor is planned in advanced
adenocarcinoma patients, and we believe that its design will benefit
from our data and approach. Our study has several limitations. Given
the pilot nature of this Phase I trial and small number of patients, our
clinical results are not conclusive. However, our systematic, high-
dimensional approach provided a unique opportunity to study the
immune mechanisms of the immunotherapy tested. Importantly, we
have identified cancer-related aberrations in the architecture and
function of the immunome, and which components of immune com-
petency are restored by cancer vaccination in a clinically meaningful
and potentially predictive fashion. This will allow for more focused
scientific questions in future clinical studies, such as exploring syner-
gistic therapies for augmenting the immunome shifts identified by our
analyses.

Methods
Study design
All research in this open-label phase 1 trial (ClinicalTrials.gov identifier:
NCT02140996) was approved by the SingHealth centralised institu-
tional review board. Written informed consent was obtained from all
patients before enrolment. All procedures involving human partici-
pants were carried out in accordance with the Declaration of Helsinki
and principles ofGoodClinical Practice. Patients aged 21 years or older
with histologically proven locally recurrent or metastatic adenocarci-
noma of the breast, ovary, lung, colon or prostate not amenable to
curative surgery were eligible. Other key eligibility for inclusion
include measurable or non-measurable disease, elevated MUC-1 levels

as measured by elevated serum tumour marker CA 15-3 or CA 27.29 at
any time since diagnosis of cancer, ECOG performance status 0-2 with
life expectancy of greater than 12 months, satisfactory organ function
and receipt of at least 1 prior line of palliative chemotherapy. Patients
were excluded if they had central nervous system disease, ornithine
transcarbamylase deficiency, any history of bronchospasm or asthma
requiring steroid therapy, any autoimmune diseases, prior organ
transplant or any other malignancies. Concurrent steroid or anti-
cancer therapy including tamoxifen was not permitted within 28 days
of trial registration. Patients were recruited from September 2014 to
November 2018. Of note, aromatase inhibitors and raloxifene were
allowed to be administered concurrentlywith study vaccine. The study
comprised 3 parts, a dose-escalation and 3 dose-expansion cohorts
evaluating safety and efficacy of 2, 3 and 5 repeated vaccine adminis-
tration. The primary endpoint of the dose-escalation phase was to
establish themaximum tolerable dose (MTD), safety and tolerability of
the vaccine. The secondary endpoint was to determine the optimal
biological dose and schedule associated with an immune response as
assessed by immunological profiling and clinical activity. Adverse
events (AE) were graded using the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE v.4.0).

The dose-escalation phase of the trial utilised a 3 + 3 design
(summarised in Supplementary Fig. 1). We enroled patients in cohorts
of three for up to four dose levels (single subcutaneous administration
of 1 × 109, 1 × 1010, 5 × 1010, 1 × 1011 viral particles) to establish the MTD.
Patients in subsequent three cohorts were treated with multiple sub-
cutaneous injections at the MTD, or if one is not established, the
highest dose level stipulated in our protocol (i.e., 1 × 1011 viral parti-
cles). Patients in cohort 5 received vaccinations on days 1 and 8, and
patients in cohort 6 days received the vaccine on days 1, 8, and 22. If no
dose-limiting toxicity (DLT) is observed in cohort 6, then a further six
patients were enroled into cohort 7 (the dose-expansion phase of the
trial), in which patients received injections on days 1, 8, 22, 52 and 82.
DLT was defined as any treatment-related grade 3 or greater AEs, or
grade 2 or greater allergic or immune-mediated reactions, within the
first 28 days after vaccination. If one patient developed a DLT, we
would include another three patients at that dose level, and dose
escalation would continue if no additional DLTs occurred. If two
patients developed DLTs, we would define the preceding dose level as
the MTD. Further information is available in the Study Protocol (Sup-
plementary Information).

Clinical procedures
The Ad-sig-hMUC1/ecdCD40L vaccine was manufactured at an US
Food and Drug Administration-approved facility with expertise in
adenoviral vaccine production according to Good Manufacturing
Practice guidelines. We evaluated patients for treatment AEs using
physical examination, laboratory tests of serum biochemistry and
complete blood counts, and vital signs, including an electro-
cardiogram at regular predetermined time points. Peripheral blood
samples were obtained for human leucocyte antigen (HLA) typing,
monitoring of CA 15-3, and other immune biomarkers. Tumour resta-
ging scans were performed 2 months after the last vaccination for
cohorts 1-6 and days 112 and 172 in cohort 7. For peripheral blood
mononuclear cells (PBMC) and sera collection, up to 40mL of per-
ipheral blood were drawn from consented patients at baseline pre-
vaccination and stipulated post-vaccination time points. Patients’
peripheral blood samples were diluted 1:2 with DPBS, followed by
isolation of PMBCusing standard Ficoll density gradient centrifugation
techniques. The isolated PBMCs and plasma samples were cryopre-
served until use.

Clinical data analysis
All patients who met the eligibility criteria and received at least one
dose of the study vaccinewere included in safety and efficacy analyses.
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Patient demographics and baseline clinical characteristics were tabu-
lated and summarised using descriptive statistics. If a patient experi-
enced more than one incident of the same adverse event during the
trial, the worst grade experienced by the patient was reported. DLT
experienced by patients were listed by dose level and the worse grade
experience by each patient within the first 28 days tabulated. Overall
response was evaluated according to the Response Evaluation Criteria
in Solid Tumours (RECIST v.1.1)25 for patients with the measurable
disease to define the stable and progressive disease. Following com-
pletion of protocol-defined radiological assessments at month 2 for
cohorts 1-6 and day 172 for cohort 7, patients continued usual onco-
logical management as per routine care. All analyses were performed
using SAS version 9.4 (SAS Institute Inc.) and p < 0.05 was considered
to denote statistical significance.

Healthy human donors
Peripheral blood was collected from age and sex-matched healthy
human donors with informed consent at KK Women’s and Children’s
Hospital as described22. Ethical approval was given by the SingHealth
Centralised Institutional Review Board.

MUC1 peptides and enzyme-linked immunospot (ELISpot) assay
A peptide pool that contains six 15 amino-acid long peptides with 11
overlapping amino-acid sequences and 4 offset amino acid sequences
that span the sequence of two MUC1 extracellular domain tandem
repeats were synthesised (JPT Peptide Technologies, Berlin, Germany;
Supplementary Table 4). Peptides were dissolved in DMSO and mixed
into a 40μg/mL/peptide stock then stored at −80 °C until use.

Interferon (IFN)γ ELISpot assays were performed where PBMCs
were available as described by the manufacturer (Human IFNγ ELIS-
potPLUS, MabtechAB, Nacka, Sweden). Briefly, 96-well plates pre-coated
with capture antibody against interferon IFNγ were washed with
phosphate-buffered saline (PBS) and blocked with culture media (45%
RPMI 1640 / 45% EHAA+ 10% FCS and 2mM L-glutamine) for at least
30minutes. 3 × 105 thawed PBMCs per well were then incubated with
the MUC1 peptide pool at 1μg/mL/peptide with 2.5% v/v DMSO con-
tent. Anti-CD3 antibody supplied in the ELISpot kits was used as
positive-control and culture media containing 2.5% v/v DMSO as
negative-controls. After 16 to 20 hours, the plates were developed
according to manufacturer’s protocol and analysed using an Immu-
nospot analyzer (CTL Analyzers, USA). Spot-forming cells (SFCs) fre-
quencies were calculated and expressed as SFC per 105 cells.
Background values were defined as the mean numbers of the negative
controls and deducted from the mean numbers obtained with the
MUC1 peptide pool. Mean spot counts of >2 x background values were
considered positive.

Measurement of plasma anti-adenovirus antibody
Qualitative detection of IgG antibodies against adenovirus antigens in
the plasma was performed by ELISA assay as described by the manu-
facturer (Anti-Adenovirus IgG Human ELISA Kit, Abcam, UK). 96-well
plates pre-coated with adenovirus antigens were used. The cryopre-
served plasma from 1:2 diluted blood samples were thawed, diluted
1:50 with sample diluent and added to the plates at 100μL/well, then
incubated for 1 hour at 37 °C. Bound antibodies were detected by a
second incubation with anti-human antibodies conjugated with
horseradish peroxidase. After adding substrate and stop solution, the
change in colour to yellow indicated positive samples. The absorbance
was determined for each well at 450 nm and reference wavelength at
620 nm. Results in Standard Units were calculated by:

Patient ðmeanÞ absorbance× 10
MeanCut� off control absorbance

= StandardUnits ð1Þ

Standard Unit values of >11 were considered positive, <9 were
considered negative, and 9-11 were considered inconclusive.

Statistics and reproducibility
Sample size was determined by study recruitment. PBMC samples
were processed and acquired for mass cytometry blind. Samples were
unblinded after de-barcoding and prior to statistical analysis. Patient
A08 was excluded from immunological analyses as they were lost to
follow-up. Additionally, samples with too few viable cells were exclu-
ded during QC steps of mass cytometry data analysis. The marker
167Er-TCRVα7.2 was excluded from clustering analyses in our routine
quality control steps due to signal spillover from 168Er-IFNγ. Replica-
tion was not possible due to the restricted number of available sam-
ples. Reproducibility between mass cytometry runs was ensured with
the use of a bridging control.

Mass cytometry and data analysis
ThawedPBMCwere rested for 30minutes at 37°Cbefore beingdivided
for further manipulation as previously described. To induce cytokine
production, cellswere stimulatedwith 150ng/mLphorbol 12-myristate
13 acetate (PMA) and 250ng/mL ionomycin (Sigma-Aldrich) for
4 hours, with Brefeldin A and monensin (eBioscience) added after the
first hour of incubation. Cells were then stained with two separate
panels of metal-conjugated antibodies as listed in Supplementary
Tables 5 and 6. After staining and fixation with P1 or P2, cells were
stored in 1% paraformaldehyde overnight or until acquisition. Cells
were acquiredwith aHeliosmass cytometer (Fluidigm).Datawere then
analysed as previously described. Briefly, live singlet cells were de-
barcoded, and samples containing less than 5000 live cells excluded
from further analysis. CyTOF data was batch normalised and subjected
to unsupervised clustering using the self-organising map (SOM)
algorithm36 to group cells with similar expression patterns into
immune cell subsets. Clusters displaying statistically significant fre-
quency differences between patient groups were identified by
Kruskal–Wallis multi-group test or Mann–Whitney U pair-wise rank-
sum tests. The high-dimensional immune landscape was visualised on
2-dimensional t-SNE coordinates. Fast-interpolation (fit-SNE)37 imple-
mentation was used for t-SNE analysis. In some cases, phenotypically
similar clusterswere combined for analyses. Supervisedmanual gating
was used to validate unsupervised analyses and exclude artefacts.
Sampleswere excluded fromanalyses if therewere insufficient cells for
gating. Gating strategies are illustrated in Supplementary Fig. 11. For
comparisons between groups, “post-vaccination” was defined as at
least 14 days after a vaccination dose. Statistical analyses and graphing
were performedusingR statistical software, Rpackages, andGraphPad
Prism. Appropriate statistical tests were performed as described in
figure legends, with results being considered statistically significant if
p <0.05. The pipeline used for mass cytometry analysis can be acces-
sed at https://epicimmuneatlas.org.

Network analysis
Network analysis was performed as described24. Briefly, node fre-
quencies were calculated for each patient and the pairwise correlation
between each node calculated. To construct the network, nodes were
connected by specifying absolute correlation coefficients as shown in
the figures and figure legends. Networks were plotted using force-
directed layout. Various properties of the networks were calculated
using the igraph R package. The network diagrams were plotted using
the visNetwork R package.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Data availability
Data availability is subject to local rules and regulations. Subjects did
not provide consent for their data to be made publicly available.
However, every reasonable effort will be made to promptly satisfy
scientifically valid requests. Requests for data should be made to the
corresponding authors together with a detailed study plan and a
commitment not to use the data and its derivatives for commercial
purposes. The proposal will require approval by the SingHealth Cen-
tralised Institutional Review Board, National Cancer Centre Singapore
(NCCS), Singapore Clinical Research Institute (SCRI), and the Principal
Investigators of the study. Requesting researchers will be required to
sign a data access agreement with the relevant parties. Upon signing, a
mini dataset of de-identified raw data relevant to the results shown in
the manuscript will be uploaded to a password protected account.
Patient-related data were generated as part of a clinical trial and are
subject to patient confidentiality. Access to de-identified clinical data,
raw ELIspot and ELISA assay data can bemade available for a period of
2 years. The study protocol and statistical analysis plan are available in
the Supplementary Information file. The remaining data are available
within the Article, Supplementary Information, or Source Data
file. Source data are provided with this paper.
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