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Background: Cancer patients have increased morbidity and mortality from COVID-
19, but may respond poorly to vaccination. The Evaluation of COVID-19 Vaccination
Efficacy and Rare Events in Solid Tumors (EVEREST) study, comparing seropositivity
between cancer patients and healthy controls in a low SARS-CoV-2 community-
transmission setting, allows determination of vaccine response with minimal interfer-
ence from infection.

Methods: Solid tumor patients from The Canberra Hospital, Canberra, Australia,
and healthy controls who received COVID-19 vaccination between March 2021
and January 2022 were included. Blood samples were collected at baseline, pre-
second vaccine dose and at 1, 3 (primary endpoint), and 6 months post-second
dose. SARS-CoV-2 anti-spike-RBD (S-RBD) and anti-nucleocapsid IgG antibodies were
measured.

Results: Ninety-six solid tumor patients and 20 healthy controls were enrolled, with
median age 62 years, and 60% were female. Participants received either AZD1222
(65%) or BNT162b2 (35%) COVID-19 vaccines. Seropositivity 3 months post vaccina-
tion was 87% (76/87) in patients and 100% (20/20) in controls (p = .12). Seropositivity
was observed in 84% of patients on chemotherapy, 80% on immunotherapy, and 96%
on targeted therapy (differences not satistically significant). Seropositivity in cancer
patients increased from 40% (6/15) after first dose, to 95% (35/37) 1 month after
second dose, then dropped to 87% (76/87) 3 months after second dose.

Conclusion: Most patients and all controls became seropositive after two vaccine
doses. Antibody concentrations and seropositivity showed a decrease between 1 and
3 months post vaccination, highlighting need for booster vaccinations. SARS-CoV-2
infection amplifies S-RBD antibody responses; however, cannot be adequately iden-
tified using nucleocapsid serology. This underlines the value of our COVID-naive

population in studying vaccine immunogenicity.
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1 | INTRODUCTION

Cancer patients have increased risk of morbidity and mortality
from COVID-19.1 The extent to which COVID-19 vaccination pro-
tects cancer patients, especially those receiving immunosuppres-
sive anti-neoplastic therapy, is important knowledge in protecting
this vulnerable population. While numerous studies have exam-
ined the efficacy of COVID-19 vaccination in cancer patients, the
majority have been conducted in settings of prevalent commu-
nity transmission of SARS-CoV-2, where immunity generated from
recovery from COVID-19 can confound assessment of vaccine
efficacy.

Canberra, Australia, had only 2167 reported cases of COVID-19
in a population of approximately 460,000 up to the December 19,
2021.2 SARS-CoV-2 vaccination in Australia commenced in February
2021, initially in high-risk groups, with eligibility expanded to include all
adults by August 2021. This study prospectively assessed the immuno-
genic response to COVID-19 vaccination in cancer patients receiving
active systemic therapy, compared to a control cohort of healthy
volunteers, in a high vaccination and low community transmission

setting.

2 | MATERIALS AND METHODS

The Evaluation of COVID-19 Vaccination Efficacy and Rare Events in
Solid Tumors (EVEREST) study is a single-center, prospective study
conducted through the Canberra Hospital and Australian National
University (ANU), Canberra, Australia. The study was approved
by the ACT Health Human Research Ethics Committee (HREC)
(2021.ETH.00062). Study participants in the patient cohort had solid
tumors and were receiving systemic anti-cancer treatment within
2 weeks of their first or second COVID-19 vaccination doses. The
healthy control cohort had no history of malignancy within the past
5 years. Participants were recruited between September 6 and Decem-
ber 18, 2021, before, or within 90 days of receiving two doses of
BNT162b2 (Pfizer) or AZD1222 (AstraZeneca) COVID-19 vaccines.
Those with a past laboratory-confirmed diagnosis of COVID-19 were
excluded.

Blood collection at up to five separate timepoints (Figure S1) was
undertaken. Timepoint (TP) 1 was the baseline sample prior to any
COVID-19 vaccination. TP2 was collected after the first vaccine, up to
2 weeks before the second vaccine dose. TP3 was collected 30 days
after the second vaccine; TP4, 90 days after the second vaccine dose.
During the study, an amendment was made to collect TP4 up to 2 weeks
before the administration of a third vaccine dose, in response to chang-
ing public health guidelines by the Australian Technical Advisory Group

on Immunisation (ATAGI), which allowed immunocompromised indi-
viduals (including cancer patients) to receive a third primary dose of
vaccination from 2 months after their second dose. TP5 was 180 days
post second vaccine dose. As booster vaccination was available to
the general population at 3-6 months following the primary vacci-
nation course, TP5 was amended to allow collection up to 2 weeks
prior to the booster dose (third dose for the healthy cohort and fourth
dose for the patient cohort). A 2-week window before and after the
participant’s estimated date for sample collection was allowed for
TP3-5.

Enzyme-linked immunosorbent assays (ELISA) for SARS-CoV-2
spike receptor binding domain (S-RBD) and nucleocapsid were con-
ducted as described by Hicks et al.? In brief, white 96-well Maxisorp
microtiter plates (Nunc, 436110) were coated overnight at 4°C with
100 L of 500 ng/mL recombinant S-RBD (GenScript Biotech, Z03483)
or Nucleocapsid (GenScript Biotech, Z03480) protein—both derived
from the Wuhan strain of the virus. Serial dilutions of the National
Institutes of Health (NIH) standard plasma (Frederick National Lab-
oratory) were included on each plate to allow conversion of relative
fluorescence units (RFU) to binding antibody units (BAU)/mL. In a
departure from normal handling of this standard for other studies,
Australian quarantine regulations required that the NIH standard was
heat-inactivated (56°C for 30 min) and refrozen prior to shipment.
Extended transport times resulted in the standard being thawed prior
to receipt. Whilst this was regrettable, the BAU values we obtained
from participant samples were very much in-line with other published
studies, suggesting that this did not substantially impact the titer of the
standard. Participant plasma from EDTA collection tubes were heat-
inactivated at 56°C for 1 h. Plasma was diluted at 1/100 (for all samples
on both S-RBD and nucleocapsid ELISAs) and 1/1000 (for some S-RBD
samples only).

A four-parameter logistic regression model was used to construct
standard curves for each ELISA plate using the RFU values obtained
from serially diluted NIH standard controls. These curves were used
to estimate a subject’s anti-RBD and anti-nucleocapsid antibody con-
centration in BAU/mL. All subject samples were run in duplicate, and
the resulting RFU values were averaged before being evaluated with
their respective curves. BAU/mL values of samples tested in more than
one assay were averaged. Twenty-five samples from healthy donors
collected before December 2019 (pre-2020 controls) under protocols
approved by the ANU HREC (2016/317) were included in the assay to
determine the seropositive threshold. The threshold used to establish
seropositivity was defined as 3 standard deviations above the geo-
metric mean of the BAU/mL values obtained from these samples. The
threshold values, represented by horizontal lines in Figure 1, were
17.25 BAU/mL for S-RBD and 45.36 BAU/mL for nucleocapsid (used to
screen for patients with exposure to SARS-CoV-2).
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FIGURE 1 Anti-S-RBD and anti-nucleocapsid antibody responses in cancer patients and healthy controls. (A and B) Responses of cancer
patients versus controls against (A) S-RBD (induced by vaccination) or (B) nucleocapsid (induced by infection). Median and interquartile range
(IQR) are shown for healthy controls (green) and cancer patients (blue). Black dots represent patients included in the median and IQR calculations.
(C and D) Responses against S-RBD resolved by time after second vaccine dose, by vaccine type, and linking samples taken from the same
individual, for (C) cancer patients and (D) healthy controls. Points and lines colored according to vaccine type received; AstraZeneca (AZD1222)
shown in red, Pfizer (BNT162b2) in black, one patient who received one of each vaccine in green—first dose AZD1222, second dose BNT162b2.
Antibody response was measured by ELISA and converted to binding antibody units (BAU) per mL using the NIH standard. The threshold for
seropositivity (shown by horizontal black lines in each graph) was calculated as 3 standard deviations above the geometric mean of 25 pre-2020
(negative control) sera; 17.25 BAU/mL for S-RBD (A, C, and D) and 45.36 BAU/mL for nucleocapsid (B). Two patients who were infected with
SARS-CoV-2 before TP4 are shown as red dots in (A) and (B) and as open circles in (C). One patient who received three doses of vaccine before TP3
is shown as a yellow dot in (A) and (B), and as an open square in (C). TPs analyzed include: before first dose (TP1), between first and second doses
(TP2), approximately 1 month after second dose (TP3: patients—median 31 days, range 23-43; controls—median 27 days, range 25-34),
approximately 3 months after second dose (TP4: patients—median 88 days, range 51-106; controls—median 90 days, range 85-112). Cancer
patients (n = 96), healthy controls (n = 20).
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2.1 | Statistical analyses

Demographic data for participants were summarized by cohort. Base-
line disease characteristics were summarized for the patient cohort.
Differences in seroconversion rates between groups were evaluated
using a two-sided Fisher’s exact test. Differences in mean S-RBD anti-
body concentration (BAU/mL) between groups at TP3 and TP4 were
assessed using a linear mixed model with timepoint and cohort as
fixed effects and participant ID as a random effect. Statistical analy-
ses were performed with RStudio (v. 4.1.2). A p-value less than .05 was

considered statistically significant.

3 | RESULTS
3.1 | Participant demographics

A total of 102 patients and 22 controls were enrolled. Of these,
96 cancer patients and 20 control participants were included in our
analyses, with data cutoff on March 2, 2022 (Figure S2). Partici-
pants had a median age of 62 years, with 60% being female, and
received AZD1222 (AstraZeneca; 65%) or BNT162b2 (Pfizer; 35%)
COVID-19 vaccines as first dose (Table S1). Demographic summary
statistics were similar between cohorts. The cancer patient cohort
received chemotherapy (60%), immunotherapy (15%), and targeted
therapy (40%), with treatment categories being non-mutually exclusive
(Table S2).

3.2 | Seroconversion 3 months post two vaccine
doses

Eighty-seven patients and 20 control participants were eligible for the
primary analysis of seroconversion at 3 months following two vac-
cine doses (TP4). The anti-S-RBD antibody seropositivity rate was 87%
(76/87, 95% confidence interval [Cl]: 79%-94%) in cancer patients
and 100% (20/20, 95% Cl: 83%-100%) in the control cohort (p = .12;
Table 1).

Within the patient cohort, the anti-S-RBD antibody seropositiv-
ity rate at TP4 was 84% (43/51) for patients on any chemotherapy,
80% (8/10) for patients primarily on immunotherapy, and 96% (25/26)
for patients on targeted therapy (Table 1). Differences were not
statistically significant compared to the controls. Details of patient

participants that did not seroconvert are shown in Table S3.

3.3 | Anti-S-RBD antibody

Anti-S-RBD concentrations at the defined study timepoints are shown
in Table 2 and Figure 1A. Mean anti-S-RBD concentrations were

numerically higher in healthy controls compared to cancer patients at

TABLE 1 Comparison of seropositivity between controls,
patients, and divisions of patients based on treatment type.

Seropositive

95%
Total Confidence
N n % interval p-Value?
Controls 20 20 100 [83-100]
Patients 87 76 87 [79-94] 21
Patients by therapy®
Chemotherapy 51 43 84 [71-93] .095
Immunotherapy 10 8 80 [44-97] .103
Targeted therapy 26 25 96 [80-100] 1.000

aTwo-sided Fisher’s exact test; all comparisons made to control cohort.
bPatient participants divided into primary treatment groups. These groups
are defined as “Chemotherapy” = any patient who received chemother-
apy; “Immunotherapy” = received immunotherapy, but no chemotherapy;
“Targeted therapy” = received targeted therapy, but did not receive
chemotherapy nor immunotherapy.

both TP3 (410.2 vs. 206.1 BAU/mL) and TP4 (169.6 vs. 94.4 BAU/mL,;
Table 2); however, the differences were not significant. Similarly, no dif-
ferences between cancer patients and healthy controls were observed
when dividing cohorts by vaccine type (Table S4). The seropositivity
rate in cancer patients was 40% (6/15) after one vaccine dose, and
95% (35/37) 1 month after the second vaccine dose, compared to the
87% (76/87) at the 3-month primary endpoint (Figure 1A). Thus, we
see a general trend of a rise in antibody concentrations between TP2
and TP3, and a fall between TP3 and TP4 (Figure 1A).

3.4 | Anti-nucleocapsid antibody

Anti-nucleocapsid antibody concentrations remained below the
seropositive threshold for all except one participant. Only two patients
reported RT-PCR-confirmed infection with COVID-19 during the
study’s sample collection period, both 15 days before the primary
endpoint sample was taken. Both patients showed a rise in anti-S-RBD
(red dots in Figure 1A and open circles in Figure 1C); however, only one
patient was found to be seropositive for anti-nucleocapsid antibodies

(red dot in Figure 1B and open circle in Figure S3C).

3.5 | Responses to different vaccines

We provide data delineated by primary vaccine course (AZD12221
shown in red or BNT162b2 shown in black; Figure 1C,D). However,
as the Australian immunization guidelines initially reserved Pfizer
vaccination for people under 60 years of age, any analysis of dif-
ferences in vaccine response would be inherently confounded by

age.
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TABLE 2 Comparison of anti-S-RBD antibody concentration between patients and controls at TP3 and TP4.

Timepoint Participant n Antibody (BAU/mL)? (95% ClI) Ratio (95% Cl)

TP3 Cancer patient 37 206.1 [135.9-312.7] .503 [.139-1.82]
Healthy control 3 410.2 [121.4-1386.3]

TP4 Cancer patient 87 94.4 [67-133.2] .557 [.247-1.254]
Healthy control 20 169.6 [81.3-354.1]

Abbreviations: BAU, binding antibody units; Cl, confidence interval.
2Geometric mean.

4 | DISCUSSION

A lower seropositivity rate of 87% in cancer patients, compared
to 100% among controls, was observed 3 months following two
doses of SARS-CoV-2 vaccine, although the difference did not reach
statistical significance in this study. Anti-S-RBD concentrations were
also numerically lower at 94.4 BAU/mL in cancer patients compared
to 169.6 BAU/mL with controls. Importantly, our observations were
made in a predominantly COVID-19-naive population.

A number of studies observed lower antibody response following
COVID-19 vaccination among solid organ cancer patients receiving
chemotherapy.*~” Thakkar et al. reported that among 242 solid
tumor patients, those who received chemotherapy had significantly
lower spike-lgG seropositivity of 92% compared to 99% in patients
who did not receive chemotherapy.” In the same series, patients
on immunotherapy and hormonal therapy achieved 97% and 100%
seropositivity rates, respectively.” The impact from combination
therapy remains unclear. Massarweh et al. reported the RBD-1gG
seropositivity to be lowest with combination of chemotherapy and
immunotherapy at 14%, compared with chemotherapy alone at 29%,
immunotherapy 22%, and biologics at 11%, although differences were
nonsignificant on multivariate analysis.? Similarly, a meta-analysis of
COVID-19 vaccination in cancer patients receiving immune check-
point inhibitors found they had superior seroconversion compared
with patients treated with chemotherapy, and no significant differ-
ence in seroconversion rate compared with healthy controls.? We
observed seroconversion to be highest in patients on targeted therapy
alone (96%), compared with chemotherapy (84%) or immunotherapy
(80%). Our sample size may have limited the ability to detect any
statistically significant difference. However, a large series of 503
solid tumor patients found comparable anti-S1 IgG response among
immunotherapy- (99.2%), chemotherapy- (97.4%), and chemoim-
munotherapy (100%)-treated patients at 28 days after the second
vaccination.1° Different timings of antibody measurement in rela-
tion to vaccine dosing may also partly account for the discordant
findings.

The majority of analyses on early timepoints (within 1 month post
vaccination) found comparable antibody responses among cancer
patients and controls.1%-12 One of the larger series of 503 solid
tumor patients reported from the Netherlands found the 28-day
anti-S antibody response in each of patient cohort (immunotherapy,
chemotherapy, or chemoimmunotherapy) to be non-inferior to the
control cohort of individuals without cancer.'® Another study similarly

found 95% and 100% seropositivity among solid cancer patients
and controls, respectively, at 2 weeks post two-dose BNT162b2
vaccination.!! These observations suggest most cancer patients, even
those on active anticancer therapy, are capable of mounting an initial
antibody response to vaccination.

When considering later timepoints, however, an inferior humoral
response to COVID-19 vaccination among solid tumor patients com-
pared with the general population can be more clearly appreciated.
Similar to our findings, Grinshpun et al. reported seroconversion
of 87.2% among 172 cancer patients with no history of COVID-19,
compared with 100% among controls, at a median of 77 days from
two-dose vaccination (p < .001).1® The CANVAX cohort also found
significantly lower antibody titers among cancer patients compared
with healthy controls, at a median of 79 days following the first vaccine
dose.*

Decline in SARS-CoV-2 antibody level over time (without interval
booster vaccination) has been a consistent finding across studies,*4-18
including ours. Ehmsen et al. reported a drop in anti-S IgG seroposi-
tivity rate from 93% at 36 days after vaccination to 86% at 3 months,
among 201 patients with solid cancers.'® The peak anti-S-RBD level
occurred at a median of 42 days post second vaccine dose, with anti-
body levels significantly decreased at 4-6 months (median 145.5 days)
among 291 cancer patients.!* Solid tumor patients had higher peak
and sustained antibody levels compared with haematological cancer
patients.1*1> Observations in our cancer patient cohort were similar,
with a 95% seroconversion rate at 1 month and 88% at 3 months
post two-dose COVID-19 vaccination, contrasted with 100% sero-
conversion at 1 and 3 months post two-dose COVID-19 vaccination
in controls (Figure 1AC). These observations highlight need for
additional protective measures in this vulnerable population.”:18

While it is useful to account for possible background COVID-19
infection using an anti-nucleocapsid ELISA, this will not capture all
cases of previous infection. Several studies used anti-nucleocapsid
antibody assessment as an indicator of past infection with SARS-CoV-
2,41419 given that the nucleocapsid protein is present on the viral
particle but is not a component of most COVID-19 vaccines. While
anti-nucleocapsid is a useful surrogate for previous COVID-19 infec-
tion, it is notable that only one of two patients with PCR-confirmed
positive COVID-19 in our cohort was seropositive for nucleocapsid.
We hypothesize that this is due to the short timeframe between
SARS-CoV-2 infection and sample collection for anti-nucleocapsid
antibody. When the first COVID-19 infection occurs after vacci-

nation, anti-nucleocapsid antibody concentration is expected to
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rise more slowly than anti-S-RBD antibody concentrations. This
is due to generation of anti-nucleocapsid antibodies by a primary
immune response, while the anti-S-RBD response is a tertiary immune
response (as vaccines targeting S-protein previously primed this
response). This is important as the undetected COVID infections will
result in substantially higher apparent antibody responses to COVID
vaccines.

The major limitation of our study was the sample size, which
may have restricted the ability to demonstrate statistical significance.
However, our use of the NIH standard in calculation of the anti-S-RBD
levels allows for incorporation of our data in future meta-analyses.
We were also unable to differentiate results by COVID-19 vaccine
type; however, as BNT162b2 (Pfizer) was initially reserved for people
under 60 years of age in Australia, any analysis of differences in vaccine

response would be inherently confounded by age.

5 | CONCLUSIONS

Two doses of AZD1222 (AstraZeneca) or BNT162b2 (Pfizer) COVID-
19 vaccine achieved seroconversion in 87% of cancer patients com-
pared with 100% of control participants, at 3 months post vaccination.
Both seroconversion rate and mean anti-S-RBD antibody concentra-
tions were numerically lower among cancer patients compared with
controls, although the difference did not reach statistical significancein
our cohort. Antibody concentrations and seroconversion rates showed
a decrease between 1 and 3 months post vaccination, highlighting
the role for subsequent booster vaccinations to maintain antibody
response. Our data indicate that reliance on anti-nucleocapsid anti-
body assays is not sufficient to exclude participants with previous
COVID infection. Our study, conducted at a time of limited SARS-
CoV-2 community transmission, provides a robust assessment of the
humoral response from vaccination without the confounding impact of

natural immunity due to infection.
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