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Summary
Background Patients with cancer have an increased risk of complications from SARS-CoV-2 infection. Vaccination to 
prevent COVID-19 is recommended, but data on the immunogenicity and safety of COVID-19 vaccines for patients with 
solid tumours receiving systemic cancer treatment are scarce. Therefore, we aimed to assess the impact of immunotherapy, 
chemotherapy, and chemoimmunotherapy on the immunogenicity and safety of the mRNA-1273 (Moderna Biotech, 
Madrid, Spain) COVID-19 vaccine as part of the Vaccination Against COVID in Cancer (VOICE) trial. 

Methods This prospective, multicentre, non-inferiority trial was done across three centres in the Netherlands. 
Individuals aged 18 years or older with a life expectancy of more than 12 months were enrolled into four cohorts: 
individuals without cancer (cohort A [control cohort]), and patients with solid tumours, regardless of stage and 
histology, treated with immunotherapy (cohort B), chemotherapy (cohort C), or chemoimmunotherapy (cohort D). 
Participants received two mRNA-1273 vaccinations of 100 μg in 0·5 mL intramuscularly, 28 days apart. The primary 
endpoint, analysed per protocol (excluding patients with a positive baseline sample [>10 binding antibody units 
(BAU)/mL], indicating previous SARS-CoV-2 infection), was defined as the SARS-CoV-2 spike S1-specific IgG serum 
antibody response (ie, SARS-CoV-2-binding antibody concentration of >10 BAU/mL) 28 days after the second 
vaccination. For the primary endpoint analysis, a non-inferiority design with a margin of 10% was used. We also 
assessed adverse events in all patients who received at least one vaccination, and recorded solicited adverse events in 
participants who received at least one vaccination but excluding those who already had seroconversion (>10 BAU/mL) 
at baseline. This study is ongoing and is registered with ClinicalTrials.gov, NCT04715438.

Findings Between Feb 17 and March 12, 2021, 791 participants were enrolled and followed up for a median of 122 days 
(IQR 118 to 128). A SARS-CoV-2-binding antibody response was found in 240 (100%; 95% CI 98 to 100) of 240 evaluable 
participants in cohort A, 130 (99%; 96 to >99) of 131 evaluable patients in cohort B, 223 (97%; 94 to 99) of 229 evaluable 
patients in cohort C, and 143 (100%; 97 to 100) of 143 evaluable patients in cohort D. The SARS-CoV-2-binding antibody 
response in each patient cohort was non-inferior compared with cohort A. No new safety signals were observed. 
Grade 3 or worse serious adverse events occurred in no participants in cohort A, three (2%) of 137 patients in cohort B, 
six (2%) of 244 patients in cohort C, and one (1%) of 163 patients in cohort D, with four events (two of fever, and one 
each of diarrhoea and febrile neutropenia) potentially related to the vaccination. There were no vaccine-related deaths.

Interpretation Most patients with cancer develop, while receiving chemotherapy, immunotherapy, or both for a solid 
tumour, an adequate antibody response to vaccination with the mRNA-1273 COVID-19 vaccine. The vaccine is also 
safe in these patients. The minority of patients with an inadequate response after two vaccinations might benefit from 
a third vaccination. 
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Introduction 
Patients with cancer affected by COVID-19 have a higher 
risk of admission to an intensive care unit and a higher 
risk of dying than patients with COVID-19 without cancer.1 
Moreover, severe COVID-19 can cause a substantial delay 
of oncological treatment in these patients. Therefore, 

vaccination of patients with cancer is recommended by 
professional oncology societies.2,3 Nevertheless, there is an 
urgent need for trials investigating the effects of COVID-19 
vaccines in patients with cancer, since registration trials 
have largely excluded these patients, especially during 
active treatment with chemo therapy or immunotherapy. 

http://crossmark.crossref.org/dialog/?doi=10.1016/S1470-2045(21)00574-X&domain=pdf
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In a phase 3 trial with more than 30 000 volunteers, the 
mRNA-1273 COVID-19 vaccine (Moderna Biotech, Madrid, 
Spain) showed 94·1% efficacy in protecting against 
COVID-19.4 Local and systemic side-effects were common 
but mainly low grade and of short duration.

Several relatively small studies in heterogeneous 
populations of patients with cancer (up to 134 patients 
with a solid tumour) have measured the SARS-CoV-2-
binding antibody response after the first or second 
vaccination, but without defining a cutoff level for an 
adequate antibody response.5–8 Therefore, few data on the 
immunogenicity and safety of COVID-19 vaccines for 
patients with solid tumours receiving systemic cancer 
treatment are available.

The Vaccination Against COVID in Cancer (VOICE) 
trial was specifically designed to address this issue.9 We 
gained access to the mRNA-1273 COVID-19 vaccine and 
its registration information from the European Medicines 
Agency in January, 2021, and aimed to assess the 
immunogenicity and safety of this vaccine in patients 
with solid tumours being treated with chemotherapy, 
immunotherapy, or chemoimmunotherapy, compared 
with individuals without cancer.

Methods
Study design and participants
The VOICE trial is an investigator-initiated, prospective, 
non-inferiority trial done at three centres in the 
Netherlands: University Medical Centre Groningen, 
Erasmus Medical Centre Rotterdam, and the Netherlands 
Cancer Institute in Amsterdam. The trial design has 
been published previously.9

We enrolled participants who were aged 18 years or 
older with a life expectancy of more than 12 months into 
four cohorts: individuals without cancer (control group; 
cohort A), and patients with solid tumours, regardless of 
stage and histology, who were treated with immunotherapy 
(defined as single-agent monoclonal antibody against 
PD-1 or PD-L1; cohort B), any type or combination of cyto-
toxic chemotherapy (cohort C), or chemoimmunotherapy 
(cohort D). Cohort A consisted of partners of the patients 
with solid tumours. The most recent immunotherapy 
administration had to be within 3 months (cohorts B 
and D) and the most recent chemotherapy administration 
within 4 weeks before vaccination (cohorts C and D). 
Previous or current confirmed SARS-CoV-2 infection was 
an exclusion criterion for participation. Participants with 
previous or current malignancy were excluded from 
cohort A, and patients with an active haematological 
malignancy were excluded from cohorts B, C, and D. 
Additionally, use of immunosuppressive medication at 
enrolment, including chronic steroid use of more than 
10 mg prednisone or equivalent, was precluded, but 
short-term steroid use (usually a maximum of 5 days) as 
co-medication with chemotherapy was allowed. Patients 
who started steroids after the first vaccination were not 
excluded from the per-protocol population. Other 
inclusion and exclusion criteria are listed in the protocol 
(appendix 1).

All patients provided written, informed consent. The 
trial was done in accordance with the principles of 
the Declaration of Helsinki, Good Clinical Practice 
guidelines, and applicable government regulations. The 
trial protocol was approved by the medical ethics 

Oncology (Prof C U Blank MD, 
Prof J B A G Haanen MD), 

Netherlands Cancer Institute, 
Amsterdam, Netherlands; 

Research Centre for Emerging 
Infections and Zoonoses, 

University of Veterinary 
Medicine Hannover, Hannover, 

Germany 
(Prof G F Rimmelzwaan PhD); 

Department of Biomolecular 
Health Sciences, Faculty of 

Veterinary Medicine, Utrecht 
University, Utrecht, 

Netherlands 
(Prof C A C M van Els)

Correspondence to: 
Dr Astrid A M van der Veldt, 

Department of Medical Oncology 
and Department of Radiology 

and Nuclear Medicine, Erasmus 
Medical Centre Cancer Institute, 

3015 GD Rotterdam, 
Netherlands 

a.vanderveldt@erasmusmc.nl

Research in context

Evidence before this study
Patients with cancer have an increased risk of a fatal outcome of 
COVID-19. Vaccination to prevent COVID-19 is recommended 
in this patient population, but the impact of chemotherapy and 
immunotherapy on immunogenicity and the safety of 
vaccination was unknown. Therefore, we developed this study 
in 2020. We searched PubMed for research articles published in 
English between Dec 1, 2019, and July 30, 2021, using the 
search terms “COVID-19”, “vaccination”, “cancer”, and “solid 
tumours”. The findings of the search showed insufficient 
evidence to determine a cutoff level for an adequate antibody 
response to COVID-19 vaccination in these patients.

Added value of this study
SARS-CoV-2-binding antibody response at 28 days after 
complete vaccination with mRNA-1273 was non-inferior during 
immunotherapy, chemotherapy, and chemoimmunotherapy 
for patients with a solid tumour compared with individuals 
without cancer and who were not receiving cancer treatment. 
Moreover, vaccination was safe. Given the importance of these 
data for clinical decisions, in a post-hoc exploratory analysis, 
we defined, on the basis of neutralising capacity, a cutoff level 

at 300 binding antibody units per mL to discriminate between 
suboptimal and adequate responders. After one vaccination, 
only a third of the patients with cancer achieved an adequate 
response compared with two-thirds of the controls. However, 
the second vaccination resulted in an adequate response in 
most participants.

Implications of all the available evidence
Most patients with solid tumours develop an adequate 
SARS-CoV-2-binding antibody response after vaccination. 
However, in each patient cohort, our post-hoc analysis using a 
cutoff level of 300 binding antibody units per mL to define 
adequate responders showed that there is a small proportion 
of suboptimal and non-responders among patients with solid 
tumours who are being treated for their cancer. Since most of 
these patients show an increase in antibody concentration 
after the second vaccination, an additional booster 
vaccination might turn these patients into adequate 
responders. Notably, almost half of the suboptimal and non-
responders had a spike-specific T-cell response. Further 
research must define whether the T-cell response might also 
protect these patients.

See Online for appendix 1
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committee of the University Medical Centre Groningen, 
which served as the central committee. There was no 
data and safety monitoring board.

Procedures
Participants received two doses of the mRNA-1273 
vaccine (provided by the Centre for Infectious Disease 
Control National Institute for Public Health, Bilthoven, 
Netherlands), 100 μg in 0·5 mL, by intramuscular 
injection, 28 days apart. No guideline for scheduling of 
the vaccination in patients under treatment was applied. 
Vaccines were administered in the weeks they were made 
available for this study.

Blood samples were drawn by venipuncture at the 
participating institutes by qualified health-care workers. 
Blood samples for blood cell counts, routine chemistry, 
and SARS-CoV-2 spike S1-specific IgG serum antibody 
(hereafter referred to as SARS-CoV-2-binding antibody) 
concentrations were collected immediately before the 
first vaccination (baseline) and the second vaccination, 
and on day 28 after the second vaccination. In addition, 
samples to measure neutralising antibody titres against 
SARS-CoV-2 were obtained on day 28. Samples for 
peripheral blood mononuclear cells (PBMCs) were taken 
at baseline and on day 28 and at 6 months after the 
second vaccination.

SARS-CoV-2-binding antibody concentrations were 
measured centrally (supervised by RSvB and GdH) at the 
Centre for Infectious Disease Control National Institute 
for Public Health using a fluorescent bead-based immune 
assay, as previously described.10,11 The assay’s detection 
limit was 0·1 binding antibody units (BAU)/mL, and an 
antibody concentration of more than 10 BAU/mL was 
considered to be positive.12 In addition, neutralising 
antibody titres against the SARS-CoV-2 D614G variant 
(closely resembling the original variant against which the 
vaccine was developed) were measured using the plaque 
reduction neutralisation test (PRNT) as previously 
described12 in all individuals with a SARS-CoV-2-binding 
antibody concentration between 10 BAU/mL and up to 
500 BAU/mL, and in an additional selection of 29 partici-
pants per cohort, covering the concentration range of 
more than 500 BAU/mL (appendix 1 p 3).12

PBMCs were isolated within 24 h after collection, 
and SARS-CoV-2 spike-specific IFNγ-producing T cells 
(hereafter referred to as spike-specific T cells) were 
measured. Spike-specific T cells were assessed after 
stimulation of PBMCs with SARS-CoV-2 spike overlapping 
peptide pools using an IFNγ ELISpot assay in the same 
individuals in whom the antibody neutralising titre was 
determined. The laboratory assessments are further 
detailed in the appendix 1 (p 2).

Starting immediately before each vaccination, a daily 
questionnaire was used to collect solicited adverse events. 
This questionnaire was collected up to day 7 after each 
vaccination. Since patients with cancer who receive 
systemic treatment encounter multiple adverse events 

that are related to the disease or treatment, only solicited 
adverse events that worsened or arose after vaccination 
were analysed. Serious adverse events in the first week 
after each vaccination, immune-related adverse events13 
in cohorts B and D up to 28 days after the second 
vaccination, and adverse events of special interest were 
analysed. Adverse events of special interest are defined in 
the protocol (appendix 1). Information about the incidence 
and severity of SARS-CoV-2 breakthrough infections was 
collected using 3-monthly questionnaires. The last 
questionnaire will be sent at 12 months after the last 
vaccination. In this analysis, only the questionnaire 
3 months after the second vaccination was analysed.

Outcomes
The primary endpoint was defined as the development of 
SARS-CoV-2-binding antibodies measured on day 28 
after the second vaccination in participants who had not 
previously been infected with SARS-CoV-2. The primary 
endpoint was centrally reviewed at the University Medical 
Centre Groningen by RSNF and AB. Participants were 
classified as responders or non-responders based on 
seroconversion, defined as the presence of SARS-CoV-2-
binding antibodies in individuals without measurable 
SARS-CoV-2-binding antibodies at baseline. 

Secondary endpoints were the concentration of 
SARS-CoV-2-binding antibodies before the second 
vaccination to analyse initial response and at 6 and 
12 months after the second vaccination to measure 
longevity, and quantification of spike-specific T cells at 
baseline, and at day 28 and 6 months after the second 
vaccination. A spike-specific T-cell response was defined 
as a two times or greater increase in the number of spot-
forming cells (SFCs; as measured with the IFNγ ELIspot 
assay) from pre-vaccination to post-vaccination and 
50 or more SFCs per 10⁶ PBMCs post-vaccination.14 
SARS-CoV-2-binding antibodies at 6 and 12 months and 
T-cell responses at 6 months after the second vaccination 
will be reported in a later publication.

Safety was another secondary endpoint. Adverse events 
were graded according to Common Terminology Criteria 
for Adverse Events (version 5.0).15

Prespecified exploratory endpoints were functional and 
phenotypical characterisation of SARS-CoV-2-specific 
cellular immune responses, followed by assessment of 
proliferative capacity, cytokine production, and pheno-
typical markers in a subset of patients (yet to be defined, 
and will be guided by the results of the primary and 
secondary endpoints); determination of baseline immune 
parameters associated with immune response to 
COVID-19 vaccination; and assessment of the induction 
of SARS-CoV-2-specific antibodies in mucosal lining fluid. 
These exploratory results will be reported in a later 
publication. Neutralising antibody titres were measured 
on day 28 after the second vaccination and the relationship 
with SARS-CoV-2-binding antibody concentrations was 
analysed and is reported here.



Articles

1684 www.thelancet.com/oncology   Vol 22   December 2021

Statistical analysis
For the primary endpoint analysis, a non-inferiority 
design with a margin of 10% was used. For the power 
calculations, we initially anticipated a true response 
rate of 90% for cohorts A and B, and 60% for cohorts C 
and D. Assuming no true difference between cohorts A 
and B, 112 participants in cohorts A and B needed to be 
included to ensure 80% certainty that the upper limit of 
a one-sided 95% CI would exclude a difference in 
favour of cohort A of more than 10%. For cohorts C 
and D, we assumed a true difference in favour of 
cohort A of 30%. Adding the 10% non-inferiority 
margin to the anticipated true difference of 30% gave a 

margin of 40%. With these assumptions, 205 partici -
pants needed to be included in cohorts A, C, and D to 
provide 80% certainty that the upper limit of a one-
sided 95% CI would exclude a difference in favour of 
cohort A of more than 40%. To compensate for non-
evaluable patients—eg, those with SARS-CoV-2-binding 
antibodies at baseline—we decided to enlarge each 
cohort by 20%. On the basis of these power calculations 
(for detailed explanation see appendix 1 p 3), we aimed 
to enrol 246 participants in cohorts A, C, and D, and 
135 participants in cohort B.

A modified standard fixed-delta test was used to 
compare the percentage of responders in cohorts B, C, 

861 patients screened

70 excluded

247 in cohort A received first 
 vaccine
 6 SARS-CoV-2 spike S1 
 antibody-positive at 
 baseline
 241 SARS-CoV-2 spike S1
 antibody-negative at 
 baseline
247 SARS-CoV-2 antibody
 measurement available

137 in cohort B received first 
 vaccine
 5 SARS-CoV-2 spike S1
  antibody-positive at 
  baseline
 132 SARS-CoV-2 spike S1
  antibody-negative at 
  baseline
137 SARS-CoV-2 antibody
 measurement available

244 in cohort C received first 
 vaccine
 7 SARS-CoV-2 spike S1 
  antibody-positive at 
  baseline
 237 SARS-CoV-2 spike S1 
  antibody-negative at 
  baseline
244 SARS-CoV-2 antibody
 measurement available

3 excluded
 2 progressive disease
 1 COVID-19

163 in cohort D received first 
 vaccine
 4 SARS-CoV-2 spike S1 
  antibody-positive at
  baseline
 159 SARS-CoV-2 spike S1 
  antibody-negative at 
  baseline
163 SARS-CoV-2 antibody
 measurement available

3 excluded
 2 died
 1 withdrew

247 received second vaccine
  6 SARS-CoV-2 spike S1 
   antibody-positive at
   baseline
 241 SARS-CoV-2 spike S1 
   antibody-negative at 
   baseline
247 SARS-CoV-2 antibody
 measurement available

137 received second vaccine
 5 SARS-CoV-2 spike S1
  antibody-positive at 
  baseline
 132 SARS-CoV-2 spike S1
  antibody-negative at 
  baseline
137 SARS-CoV-2 antibody
 measurement available

241 received second vaccine
 7 SARS-CoV-2 spike S1 
  antibody-positive at 
  baseline
 234 SARS-CoV-2 spike S1 
  antibody-negative at 
  baseline
241 SARS-CoV-2 antibody
 measurement available

5 excluded
 2 died
 1 progressive disease
 2 no show

1 excluded
 1 progressive disease

1 excluded
 1 no show

160 received second vaccine
 4 SARS-CoV-2 spike S1 
  antibody-positive at
  baseline
 156 SARS-CoV-2 spike S1 
  antibody-negative at 
  baseline
160 SARS-CoV-2 antibody
 measurement available

246 with day 28 sample available
  6 SARS-CoV-2 spike S1 
   antibody-positive at
   baseline
 240 SARS-CoV-2 spike S1 
   antibody-negative at 
   baseline (included in 
   primary analysis)

136 with day 28 sample available
 5 SARS-CoV-2 spike S1
  antibody-positive at 
  baseline
 131 SARS-CoV-2 spike S1
  antibody-negative at 
  baseline (included in 
   primary analysis)

236 with day 28 sample available
 7 SARS-CoV-2 spike S1 
  antibody-positive at 
  baseline
 229 SARS-CoV-2 spike S1 
  antibody-negative at 
  baseline (included in 
   primary analysis)

147 with day 28 sample available
 4 SARS-CoV-2 spike S1 
  antibody-positive at
  baseline
 143 SARS-CoV-2 spike S1 
  antibody-negative at 
  baseline (included in 
   primary analysis)

13 excluded
 2 died
 5 illness
 4 progressive disease
 2 no show

Figure 1: Study disposition of all participants included in the study
Participants without cancer were included in cohort A, and patients with solid tumours receiving immunotherapy were included in cohort B, those receiving 
chemotherapy were included in cohort C, and those receiving chemoimmunotherapy were included in cohort D.
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and D, with cohort A.16 When analysing our data after 
the database lock, it became clear that our anticipated 
true response rates used in the power calculations were 
substantially lower than the observed true response 
rates. Therefore, to test for non-inferiority, we decided 
that the anticipated true response rates in cohorts B, C, 
and D all had to be equal to the observed true response 
rate in cohort A (ie, 100%). The non-inferiority margin 
was kept at 10%. The primary endpoint analysis was 
done in the per-protocol population: participants who 
received two vaccinations with no major protocol 
deviations and who had a SARS-CoV-2-binding anti-
body measurement available on day 28 after the 
second vaccination. Participants with a positive baseline 
sample (>10 BAU/mL), which suggests a previous 
SARS-CoV-2 infection, were not included in the per-
protocol population. In a post-hoc analysis, subgroups 
of suboptimal and adequate responders were defined 
based on the determined cutoff value of the 
SARS-CoV-2-binding antibody concentration at 28 days 
after the second and first vaccination. Our exploratory 
analysis of the association between SARS-CoV-2-
binding antibody concentration and neu tral ising 
antibody titre enabled us to define a cutoff level of 
300 BAU/mL to categorise responders into adequate 
responders (>300 BAU/mL) and sub optimal responders 
(>10 BAU/mL but ≤300 BAU/mL). This cutoff level was 
based on a PRNT titre of 40 that we considered as mini-
mally protective (appendix 1 p 4).17 Spike-specific T-cell 
responses were analysed according to SARS-CoV-2-
binding antibody response group in a post-hoc analysis. 
In addition, we did post-hoc exploratory analyses of 
the association between SARS-CoV-2-binding antibody 
concentration and lymphocyte and neutrophil counts 
on the first and the second vaccination days and 28 days 
thereafter, treatment regimen, the exact time between 
the most recent administration of systemic treatment 
before the first vaccination per patient, and the use of 
immuno suppressive medication.

Solicited adverse events were assessed in participants 
who received at least one dose of the mRNA-1273 
vaccine with no major protocol deviations and who 
had no SARS-CoV-2-binding antibodies at baseline. 
Serious adverse events (all cohorts), immune-related 
adverse events (cohorts B and D), and adverse events of 
special interest (in cohorts B, C, and D) were recorded 
for all participants who received at least one vaccine. 

Descriptive summary data (numbers and percentages) 
were provided for each relevant group and subgroup 
for all analyses. Associations between continuous 
variables were determined with the Spearman corre-
lation coefficient. Two-class comparison between pro-
portions was done using the one-sided two-proportion 
Z test. All analyses were done in R (version 4.1.0). 
p values of 0·05 or less were considered statistically 
significant. This trial is registered with ClinicalTrials.gov, 
NCT04715438.

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Between Feb 17 and March 12, 2021, 791 participants were 
enrolled. At data cutoff on June 28, 2021, the median 
follow-up was 122 days (IQR 118–128). For the primary 
endpoint, 743 participants were evaluable (per-protocol 
population): 240 individuals without cancer (cohort A) 

Cohort A 
(n=240)

Cohort B 
(n=131)

Cohort C 
(n=229)

Cohort D 
(n=143)

Age, years 62 (55–69) 66 (59–73) 60 (50–67) 64 (57–70)

Sex 

Female 114 (48%) 44 (34%) 141 (62%) 75 (52%)

Male 126 (53%) 87 (66%) 88 (38%) 68 (48%)

Smoking 

Current 32 (13%) 13 (11%) 18 (8%) 21 (15%)

Former 89 (37%) 71 (54%) 103 (45%) 107 (75%)

Never 119 (50%) 47 (35%) 108 (47%) 15 (10%)

Body-mass index, kg/m² 27·0 (4·0) 27·1 (4·5) 26·4 (4·6) 25·8 (5·3)

WHO performance status 

0 222 (93%) 90 (69%) 132 (58%) 61 (43%)

1 16 (7%) 41 (31%) 91 (40%) 70 (49%)

2 1 (<1%) 0 6 (3%) 12 (8%)

Unknown 1 (<1%) 0 0 0

Primary tumour localisation 

Bone or soft tissue NA 1 (1%) 9 (4%) 0

Breast NA 0 71 (31%) 2 (1%)

CNS NA 0 10 (4%) 0

Digestive tract NA 4 (3%) 65 (28%) 1 (1%)

Endocrine glands NA 0 3 (1·3%) 0

Female genital organs NA 0 20 (9%) 0

Head and neck NA 2 (1·5%) 5 (2%) 1 (1%)

Male genital organs NA 0 19 (8%) 0

Respiratory tract NA 27 (21%) 18 (8%) 139 (97%)

Skin NA 64 (49%) 0 0

Urinary tract NA 32 (24%) 9 (4%) 0

Other or unspecified NA 1 (1%) 0 0

Tumour stage

I NA 2 (2%) 16 (7%) 0

II NA 2 (2%) 36 (16%) 0

III NA 31 (24%) 46 (20%) 9 (6%)

IV NA 96 (73%) 129 (56%) 134 (94%)

Unknown NA 0 1 (<1%) 0

Treatment intent 

Curative NA 43 (33%) 114 (50%) 17 (12%)

Non-curative NA 88 (67%) 115 (50%) 129 (88%)

Data are median (IQR), n (%), or mean (SD). NA=not applicable. Percentages might not sum to 100 because of 
rounding. Participants without cancer were included in cohort A, and patients with solid tumours treated with 
immunotherapy were included in cohort B, those treated with chemotherapy were included in cohort C, and those 
treated with chemoimmunotherapy were included in cohort D.

Table: Baseline demographic and clinical characteristics of the per-protocol population 
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and 131 patients receiving immunotherapy (cohort B), 
229 patients receiving chemotherapy (cohort C), and 
143 patients receiving chemo immuno therapy (cohort D; 
figure 1).

For cohort C, the target accrual of 246 patients was not 
reached with 244 enrolled; however, 229 patients in 

cohort C were evaluable where 205 evaluable patients 
were needed according to the power calculations. The 
target accrual for cohort D (the chemo immuno therapy 
cohort) was also not reached due to the short timespan of 
early vaccine access for participants and the low number 
of patients eligible for cohort D during that period. More-
over, a relatively high number of patients in cohort D had 
rapid clinical deterioration due to progressive disease 
before inclusion in the trial. Reasons for patients being 
non-evaluable for the primary endpoint are shown 
in figure 1. Baseline demographics and clinical char-
acteristics of the per-protocol population are shown in 
the table. Patients with respiratory tract cancers were 
most frequently enrolled, followed by patients with 
breast cancer, digestive tract cancers, and skin cancers 
(table). Most patients had advanced disease (table). The 
anti-PD-1 antibodies nivolumab and pembrolizumab 
were the most frequently used types of immunotherapy 
(appendix 1 p 14). A wide range of chemotherapy regi-
mens were administered, and 39 (17%) of 229 patients in 
cohort C received chemoradiotherapy (appendix 1 p 15). 
Cancer treatment details are available in appendix 1 
(pp 14–16). As of June 28, 2021, one patient in cohort C 
had been diagnosed with COVID-19, 23 days after the 
first vaccination. Baseline demographics and clinical 
characteristics of all participants enrolled in the study are 
provided in appendix 1 (p 17).

A SARS-CoV-2-binding antibody concentration of more 
than 10 BAU/mL on day 28 after the second vaccination 
was found in all 240 (100%; 95% CI 98 to 100) participants 
in cohort A (control cohort), in 130 (99%; 96 to >99) of 
131 patients in cohort B, in 223 (97%; 94 to 99) of 
229 patients in cohort C, and in all 143 (100%; 97 to 100) 
patients in cohort D (figure 2A). SARS-CoV-2-binding 
antibodies per chemotherapy regimen for cohorts B 
and D are shown in appendix 1 (p 6). Appendix 1 (p 7) 
shows the SARS-CoV-2-binding antibody concentrations 
in the 22 participants excluded from the primary 
endpoint analysis because of a baseline antibody 
concentration of more than 10 BAU/mL, indicating an 
earlier unrecognised SARS-CoV-2 infection.

Although target accrual was not reached for cohort D, 
the study met its primary endpoint for each patient 
cohort. With the 100% response rate observed in cohort A, 
a non-inferiority margin of 10%, α value of 0·05, and also 
assuming response rates of 100% in cohorts B, C, and D, 
the standard modified fixed-delta test showed non-
inferiority for each patient cohort (B, C, and D) compared 
with cohort A. Calculations for more stringent α values 
and non-inferiority margins are provided in appendix 2. 

The distribution of SARS-CoV-2-binding antibody 
concen trations in log10 transformed BAU/mL at day 28 
after second vaccination versus at day of second 
vaccination in the different cohorts are shown in figure 2B 
and spike-specific T-cell responses at day 28 after second 
vaccination in each cohort are shown in figure 3A. The 
SARS-CoV-2-binding antibody concentration increased in 
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Figure 2: SARS-CoV-2-binding antibody concentrations
Participants without cancer were included in cohort A, and patients with solid tumours receiving immunotherapy 
were included in cohort B, those receiving chemotherapy were included in cohort C, and those receiving 
chemoimmunotherapy were included in cohort D. (A) Distribution of SARS-CoV-2-binding antibody concentrations 
in log10-transformed BAU/mL at day 28 after second vaccination in the different cohorts. The red solid lines indicate 
the mean of the log10-transformed BAU/mL concentrations (ie, geometric mean). The red horizontal dashed lines 
indicate the following: the bottom line represents the threshold for non-responders (SARS-CoV-2-binding antibody 
concentration ≤10 BAU/ mL), and the top line represents the threshold between suboptimal and adequate 
responders (>300 BAU/mL). (B) Scatterplot of SARS-CoV-2-binding antibody concentrations in log10 transformed 
BAU/mL at day 28 after second vaccination versus SARS-CoV-2-binding antibody concentrations in log10 
transformed BAU/mL at second vaccination day in the different cohorts. BAU=binding antibody units.

See Online for appendix 2
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most individuals after the second vaccination (figure 2A). 
A spike-specific T-cell response was found in 25 (69%; 
95% CI 52 to 84) of 36 selected samples in cohort A, 30 
(67%; 51 to 80) of 45 in cohort B, 52 (66%; 54 to 76) of 79 in 
cohort C, and 27 (53%; 38 to 67) of 51 in cohort D. In 
cohort C, some patients did not develop either an antibody 
response or a T-cell response (four [2%; 95% CI <1 to 4] 
of 229; figure 3).

In our exploratory analysis, neutralising antibody titres 
correlated with the SARS-CoV-2-binding antibody con-
cen trations in each cohort (appendix 1 p 8). 

At 28 days after the second vaccination, our post-hoc 
analysis using a cutoff value of 300 BAU/mL to categorise 
responders into adequate responders (>300 BAU/mL) and 
suboptimal responders (>10 BAU/mL but ≤300 BAU/mL) 
showed that there were 239 (>99%; 95% CI 98 to >99%) of 
240 adequate responders in cohort A, 122 (93%; 87 to 97) of 
131 in cohort B, 192 (84%; 78 to 88) of 229 in cohort C, and 
127 (89%; 82 to 93) of 143 in cohort D. Thus, in the patients 
with cancer, nine (7%) of 131 of the patients treated with 
immunotherapy (cohort B), 37 (16%) of 229 of the patients 
treated with chemotherapy (cohort C), and 16 (11%) of 
143 of the patients treated with chemoimmunotherapy 
(cohort D) were classified as suboptimal responders or 
non-responders. 28 days after the first vaccination, 
159 (66%; 95% CI 60 to 72) of 241 participants in cohort A, 
49 (37%; 29 to 46) of 132 patients in cohort B, 76 (32%; 
27 to 39) of 234 patients in cohort C, and 52 (33%; 26 to 41) 
of 156 patients in cohort D had an adequate response. In 
further post-hoc analysis of these subgroups, a spike-
specific T-cell response was found in three (43%; 95% CI 
10 to 82) of seven non-responders (one in cohort B and 
two in cohort C), in 26 (47%; 34 to 61) of 55 suboptimal 
responders (five in cohort B, 18 in cohort C, and three in 
cohort D), and 105 (70%; 62 to 78) of 149 adequate 
responders (25 in cohort A, 24 in cohort B, 32 in cohort C, 
and 24 in cohort D; figure 3B).

Our post-hoc analyses of associations between 
SARS-CoV-2-binding antibody concentration and 
lympho cyte and neutrophil counts on the first and the 
second vaccination day and 28 days thereafter, the time 
between the most recent administration of systemic 
treatment before the first vaccination, and the use of 
immunosuppressive medication are shown in appendix 1 
(pp 9–13).

Solicited adverse events were analysed in 761 of 
791 participants who received the first vaccination (239 
in cohort A, 132 in cohort B, 232 in cohort C, and 158 in 
cohort D), and in 750 of 785 participants who received 
the second vaccination (238 in cohort A, 132 in cohort B, 
227 in cohort C, and 153 in cohort D). Reasons for 
exclusion were a SARS-CoV-2-binding antibody concen-
tration of more than 10 BAU/mL at baseline (six in 
cohort A, five in cohort B, seven in cohort C, and four 
in cohort D) and incomplete data (eight [two in cohort 
A, five in cohort C, and one in cohort D] after the first 
vaccination and 13 [three in cohort A, seven in cohort C, 

and three in cohort D] after the second vaccination). In 
all cohorts, the incidence and severity of solicited 
systemic adverse events (fatigue, fever, chills, headache, 
myalgia, joint pain, and nausea) were higher up to 
7 days after the second vaccination than up to 7 days 
after the first one (figure 4). Fatigue was the most 
prevalent solicited systemic adverse event after the first 
and second vaccination in 61 (26%) of 239 and 129 (54%) 
of 238 participants in cohort A, 31 (23%) and 78 (59%) 
of 132 participants in cohort B, 71 (31%) of 232 and 
111 (49%) of 227 participants in cohort C, and 57 (36%) 
of 158 and 73 (48%) of 153 participants in cohort D, 
respectively. Pain at the injection site was the most 
prevalent solicited local adverse event and was reported 
after the first and second vaccination in 50 (21%) of 239 
and nine (4%) of 238 participants in cohort A, 14 (11%) 
and eight (6%) of 132 participants in cohort B, 23 (10%) 
of 232 and 11 (5%) of 227 participants in cohort C, 
41 (26%) of 158 and nine (6%) of 153 participants in 
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Figure 3: SARS-CoV-2 spike-specific IFNγ T-cell response
Participants without cancer were included in cohort A, and patients with solid tumours receiving immunotherapy 
were included in cohort B, those receiving chemotherapy were included in cohort C, and those receiving 
chemoimmunotherapy were included in cohort D. (A) The number of SARS-CoV-2 spike-specific IFNγ-producing 
SFCs per 10⁶ PBMCs at baseline and day 28 after second vaccination in participants selected for T-cell response 
measurement in the four different cohorts (the red line indicates the median). (B) The number of SARS-CoV-2 
spike-specific IFNγ-producing SFCs per 106 PBMCs at baseline and day 28 after second vaccination for non-
responders, suboptimal responders, and selected adequate responders (the red horizontal line indicates the 
median). IFNγ=interferon-γ. PBMCs=peripheral blood mononuclear cells. SFCs=spot-forming cells.
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cohort D, respectively. Pain at the injection site was 
more common after the first vaccination than after the 
second vaccination in cohorts A, C, and D, whereas 
erythema and induration at the injection site were 
uncommon (in <5% of patients) after both vaccinations 
in all cohorts (figure 4).

Serious adverse events in the first week after each 
vaccination were collected for all 791 included participants. 
Grade 3 or worse serious adverse events occurred in no 
participants in cohort A, three (2%) of 137 patients in 
cohort B, six (2%) of 244 patients in cohort C, and one (1%) 
of 163 patients in cohort D (appendix 1 p 18). Of 16 serious 
adverse events, four were potentially related to the 
vaccination as judged by the local principal investigator 
(medical oncologist). These serious adverse events 
included fever (two events, one in cohort C and one in 
cohort D), diarrhoea (one event in cohort D), and febrile 
neutropenia (one event in cohort C). At data cutoff, 
ten patients had died (eight due to disease progression 
[three in cohort C and five in cohort D], one due to 
pneumonitis in cohort D, and one due to leukaemia as 
second malignancy in cohort B; appendix 1 p 19). There 
were no vaccine-related deaths. Adverse events of special 
interest were collected in all participants enrolled in 
cohorts B (n=137), C (n=244) and D (n=163), and included 
thrombo embolic events (five patients), myo cardial 
infarction (two patients), convulsion (one patient), and 
erythema multiforme after the first vaccination 
(one patient in cohort B; appendix 1 p 19). The latter 
progressed to Stevens-Johnson syndrome after the second 
vaccination and resolved after treatment with high-dose 
steroids (see case description in appendix 1 p 5). Two cases 
of thromboembolism and Stevens-Johnson syndrome 
were considered to be related to vaccination.

Immune-related adverse events were collected for all 
participants in cohorts B (n=137) and D (n=163), up to 
28 days after the second vaccination, and occurred in 
six (4%) of 137 patients treated with immunotherapy 
and seven (4%) of 163 patients treated with chemo-
immuno therapy (appendix 1 p 20). Most immune-related 
adverse events were low grade, but one patient died from 
pneumonitis, one patient developed grade 3 adrenal 
insufficiency, and one patient experienced grade 3 
thrombocytopenia requiring high-dose steroids.

Discussion
To our knowledge, the VOICE trial is the first prospective 
COVID-19 vaccination trial in patients with solid tumours 
with a predefined primary endpoint and predefined 
cohorts based on treatment regimens. This trial met its 
primary endpoint, which was based on the SARS-CoV-2-
binding antibody response 28 days after the second 
vaccination with mRNA-1273. Compared with indivi duals 
without cancer, the trial showed non-inferiority of 
two mRNA-1273 vaccinations in patients receiving 
immuno therapy, chemotherapy, or chemoimmuno therapy 
for a solid tumour. Furthermore, our post-hoc analyses 
showed that most of the patients developed an adequate 
SARS-CoV-2-binding antibody concentration of more than 
300 BAU/mL. Nevertheless, nine (7%) of 131 of the patients 
treated with immunotherapy, 37 (16%) of 229 of the 
patients treated with chemotherapy, and 16 (11%) of 143 of 
the patients treated with chemoimmunotherapy were 
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classified as suboptimal responders or non-responders 
compared with one (<1%) of 240 of the participants without 
cancer. Among the suboptimal and non-responders, 
almost half of the participants had a spike-specific T-cell 
response. No new safety signals were identified.

Currently, an antibody concentration threshold that 
represents a correlate of protection against COVID-19 is 
not available, but neutralising antibody concentrations 
are predictive of immune protection from symptomatic 
COVID-19.18,19 To discriminate between suboptimal and 
adequate responders, we propose a cutoff level for a 
SARS-CoV-2-binding antibody concentration based on 
correlation with neutralising capacity. This cutoff level of 
more than 300 BAU/mL was conservatively chosen to 
include more than 97% of the individuals attaining a 
neutralising antibody titre of 40 or more. This level of 
neutralising antibodies was previously considered as the 
cutoff level for infectivity during infection with D614G 
SARS-CoV-2.17

In our study, 159 (66%; 95% CI 60–72) of 241 participants 
without cancer (the control cohort) had an adequate 
SARS-CoV-2-binding antibody response after the first 
vaccination. This percentage was lower in patients with 
cancer. This finding is consistent with a previous 
observation of a lower seroconversion rate in patients 
with cancer (21 of 45) than in health-care workers 
(31 of 32) after one dose of BNT162b2 (Pfizer-BioNTech, 
Mainz, Germany), another mRNA-based COVID-19 
vaccine.8 However, in our study and in other recently 
reported studies, the majority of the patients with cancer 
developed seroconversion after the second vaccination.5–7 
We observed that most patients with cancer had a 
substantial increase in the SARS-CoV-2-binding antibody 
concentration after the second vaccination, which 
suggests that a third vaccination could potentially turn 
suboptimal responders into adequate responders. The 
small proportion of patients without an adequate 
response after two vaccine doses supports a selective 
strategy of a third vaccination based on antibody 
concentrations, especially in light of the worldwide 
vaccine shortage. At a population level, this translates 
into many patients with cancer that would need to be 
tested. Hence, a validated, affordable, high-throughput 
test is essential. A SARS-CoV-2-binding antibody assay 
could suit this purpose. Meanwhile, it is important to 
increase the vaccination rate in the general population to 
protect suboptimal and non-responders.

Clinical implementation of the proposed cutoff level 
might be challenging because different antibody 
measurements are available, and there is no consensus 
on the definition of response and the optimal assay. 
Furthermore, it is not clear yet whether at later timepoints 
and for different vaccines, the same correlation between 
SARS-CoV-2-binding antibody concentration and 
neutral ising capacity exists. Follow-up assessments at 
6 months and 12 months9 in this ongoing trial will 
demonstrate whether longevity of the antibody 

concentration differs between individuals without cancer 
and patients with cancer who received systemic therapy. 
In healthy individuals who participated in a phase 1 trial 
of the mRNA-1273 vaccine, antibodies persisted up to 
6 months after the second vaccination.20 Because 
immunogenicity of different vaccines against COVID-19 
seems to vary, the association between SARS-CoV-2-
binding antibody concentration and neutralising 
capacity needs to be confirmed for other vaccines before 
the cutoff value of 300 BAU/mL can be generalised. 
At present, new SARS-CoV-2 variants have become 
dominant globally, and partial immune escape with up to 
five times lower neutralising capacity has been observed, 
whereas T-cell responses do not seem to be substantially 
affected by circulating variants.21–23 So far, to what extent 
T-cell responses protect from severe COVID-19 and how 
a T-cell response should be defined remain unknown. 
Additional studies are needed to reveal the antibody level 
required for protection and the role of T cells to protect 
individuals from severe COVID-19.

The adverse events that we observed in our study are 
consistent with previous vaccination studies and the 
known side-effects of chemotherapy and immunotherapy. 
The serious adverse events, adverse events of special 
interest, and immune-related adverse events in this 
trial mainly represented disease-related and cancer 
treatment-related complications. Of special interest is the 
case of erythema multiforme after the first vaccination 
progressing to Stevens-Johnson syndrome after the 
second vaccination. Stevens-Johnson syndrome has been 
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Figure 4: Solicited adverse events in participants who received at least one vaccination and had no 
seroconversion at baseline
Participants without cancer were included in cohort A, and patients with solid tumours treated with 
immunotherapy were included in cohort B, those treated with chemotherapy were included in cohort C, and those 
treated with chemoimmunotherapy were included in cohort D. Horizontally stacked bar plot showing the 
percentage of participants reporting solicited systemic and local adverse events up to 7 days after the first and 
second vaccination. The highest reported grade during the 7 days after each vaccination was included. Solicited 
systemic and local adverse events that were reported already at baseline were excluded. Mild indicates not 
interfering with daily activities, moderate indicates interfering with daily activities, and severe indicates could not 
perform daily activities for joint pain, fatigue, chills, headache, myalgia, nausea, and pain at injection site. For 
fever, mild indicates a temperature of 38·0–38·4°C, moderate indicates 38·5–38·9°C, and severe indicates 39·0°C or 
above. For size of erythema and induration at injection site, mild indicates 2·5–5·0 cm, moderate indicates 
5·1–10·0 cm, and severe indicates larger than 10·0 cm.



Articles

1690 www.thelancet.com/oncology   Vol 22   December 2021

asso ciated with immunotherapy,24 but a causal association 
with COVID-19 vaccination cannot be excluded with three 
cases of Stevens-Johnson syndrome after vacci nation 
reported in the published literature so far.25–27 Although it 
is conceivable that treatments that boost the immune 
system, such as vaccination, might contribute to immune-
related adverse events in patients treated with immuno-
therapy, the incidence of such adverse events did not seem 
to be higher after vaccination and were in line with the 
expected rate in patients receiving immunotherapy and 
those receiving chemoimmuno therapy. In another study, 
no immune-related adverse events were reported in 
134 patients treated with immunotherapy who received 
the BNT162b2 vaccine.28 As no new safety signals have 
been observed in the current trial and previous studies, 
vaccination against COVID-19 can be supported for 
patients treated with chemotherapy, immunotherapy, or 
chemoimmuno therapy.

Because we aimed to include a broad, real-world 
population of patients with cancer, the study had the 
inherent limitation that it was not powered to draw 
conclusions for specific subgroups, such as patients with 
different tumour types or those treated with specific 
chemotherapy regimens. In these patients, the immune 
response might have been affected by the chemotherapy’s 
timing and mechanism of action. Again, the number of 
patients and the variety of chemotherapy regimens 
precluded a meaningful analysis of the impact of specific 
drugs and the timing of chemotherapy. To gain insight 
into these factors, we have formed an international 
consortium to share and further analyse data of COVID-19 
vaccination studies in patients with cancer. This 
information with additional safety and immuno genicity 
data of regular and additional doses of COVID-19 
vaccines, is important to develop strategies to optimally 
protect patients receiving chemotherapy, immunotherapy, 
or chemoimmunotherapy for solid tumours against 
COVID-19.
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Data sharing
We have formed an International Cancer Covid Vaccination Consortium. 
Thus, we aim to share data of vaccination against SARS-CoV-2 studies in 
patients receiving systemic cancer treatment, which might allow us to 
define more precisely how to protect patients best in which situation. 
Please contact the corresponding author if you wish to participate.
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