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Summary

Background Breakthrough SARS-CoV-2 infections following vaccination against COVID-19 are of international
concern. Patients with cancer have been observed to have worse outcomes associated with COVID-19 during the
pandemic. We sought to evaluate the clinical characteristics and outcomes of patients with cancer who developed
breakthrough SARS-CoV-2 infections after 2 or 3 doses of mRNA vaccines.
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Methods We evaluated the clinical characteristics of patients with cancer who developed breakthrough infections
using data from the multi-institutional COVID-19 and Cancer Consortium (CCC19; NCT04354701). Analysis was
restricted to patients with laboratory-confirmed SARS-CoV-2 diagnosed in 2021 or 2022, to allow for a
contemporary unvaccinated control population; potential differences were evaluated using a multivariable logistic
regression model after inverse probability of treatment weighting to adjust for potential baseline confounding
variables. Adjusted odds ratios (aOR) and 95% confidence intervals (CI) are reported. The primary endpoint was
30-day mortality, with key secondary endpoints of hospitalization and ICU and/or mechanical ventilation (ICU/MYV).

Findings The analysis included 2486 patients, of which 564 and 385 had received 2 or 3 doses of an mRNA vaccine prior to
infection, respectively. Hematologic malignancies and recent receipt of systemic anti-neoplastic therapy were more
frequent among vaccinated patients. Vaccination was associated with improved outcomes: in the primary analysis, 2
doses (aOR: 0.62, 95% CI: 0.44-0.88) and 3 doses (aOR: 0.20, 95% CI: 0.11-0.36) were associated with decreased 30-
day mortality. There were similar findings for the key secondary endpoints of ICU/MV (aOR: 0.60, 95% CI: 0.45-0.82
and 0.37, 95% CI: 0.24-0.58) and hospitalization (aOR: 0.60, 95% CI: 0.48-0.75 and 0.35, 95% CI: 0.26-0.46) for 2
and 3 doses, respectively. Importantly, Black patients had higher rates of hospitalization (aOR: 1.47, 95% CIL
1.12-1.92), and Hispanic patients presented with higher rates of ICU/MV (aOR: 1.61, 95% CI: 1.06-2.44).

Interpretation Vaccination against COVID-19, especially with additional doses, is a fundamental strategy in the
prevention of adverse outcomes including death, among patients with cancer.

Funding This study was partly supported by grants from the National Cancer Institute grant number P30 CA068485 to
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Patients with cancer are a highly vulnerable population
susceptible to poor outcomes during SARS-CoV-2 infection.
While a 3-dose COVID-19 vaccination series is recommended in
patients with cancer, their immunological response to COVID-19
vaccines may be lessened, notably among those with
hematologic malignancies. Breakthrough SARS-CoV-2 infections
are increasingly being reported and are thought to be due to a
waning immune response and the emergence of novel SARS-
CoV-2 variants of concern. We searched PubMed for research
articles published in English between November 1, 2020 and
August 20, 2022, analyzing breakthrough COVID-19 infections in
patients with cancer, using search terms “COVID-19",
“vaccination”, “tumor”, “cancer”, and “breakthrough”. The
findings of the search revealed insufficient evidence to
comprehensively characterize breakthrough SARS-CoV-2
infections among patients with cancer following 2 or 3 doses of
authorized vaccines.

Added value of this study

Patients with cancer who developed breakthrough SARS-CoV-2
infections following the receipt of 2 or 3 doses of approved
mRNA vaccines had better clinical outcomes compared to an

unvaccinated weighted population, with lower rates of death,
ICU admission, and hospitalization. Moreover, a higher number
of administered COVID-19 vaccines appeared to be associated
with an additional protective benefit. Patients with hematologic
malignancies and those recently treated with systemic anti-
neoplastic regimens were more highly represented among
patients with breakthrough infections, compared to the
unvaccinated group. Clinical factors associated with worse
outcomes among vaccinated and unvaccinated patients with
cancer and COVID-19 included increasing age, active and
progressing cancer, poor ECOG performance status, hematologic
malignancies, and the presence of lymphopenia.

Implications of all the available evidence

As patients with cancer were largely excluded from the landmark
clinical trials evaluating COVID-19 vaccines, our current findings
help to identify vaccination against COVID-19 as an essential
strategy to improve outcomes in this high-risk population. Our
results also support guidelines that patients with cancer should
receive at least 3 COVID-19 vaccine doses. Additionally, we
identify risk factors of poor outcomes among vaccinated
patients with COVID-19, helping to better inform clinical
decision-making about the prognosis of these patients.
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Introduction

Vaccination against COVID-19, the disease caused by
SARS-CoV-2, has shown substantial efficacy in pre-
venting symptomatic infection and associated severe
outcomes'? and was identified as an essential measure
in controlling viral transmission.’ Breakthrough SARS-
CoV-2 infections were identified among vaccinated pa-
tients,” owing to a time-dependent waning immunity>®
and the emergence of novel SARS-CoV-2 variants of
concern, such as the B.1.617.2 (Delta) and B.1.1.529
(Omicron) variants. Evaluation of data related to viral
activity and duration of immunity subsequently led to
the authorization of a third mRNA vaccine dose in the
general population.”*

Patients with cancer are a highly vulnerable popula-
tion during COVID-19, with substantially worse out-
comes and higher mortality compared to the general
population.” ' In these patients, baseline immunosup-
pression and recent receipt of anti-neoplastic regimens
were associated with severe COVID-19," and might
hinder the efficacy of vaccines.” Following a 2-dose
vaccination schedule against COVID-19, patients with
cancer displayed lower seroconversion rates compared
to healthy individuals.”*'* Additionally, a poorer immu-
nological response following vaccination was identified
against variants of concern, and among patients with
hematologic malignancies compared to those with solid
cancers.”” The receipt of a third vaccine dose was found
to induce improved neutralizing responses in patients
with cancer, as opposed to 2 doses only.'®

From a clinical perspective, the landmark trials
investigating COVID-19 vaccines largely excluded pa-
tients with underlying malignancies," leading to mini-
mal understanding about their clinical efficacy in this
patient population. Our group, the COVID-19 and
Cancer Consortium (CCC19), analyzed the characteris-
tics and outcomes of patients with cancer who devel-
oped breakthrough infections following 2 doses of
mRNA vaccines (BNT162b2 or mRNA-1273) or one
dose of the Ad.26.COV2.S vaccine.” In this preliminary
analysis, vaccinated patients with cancer were found to
have comparable rates of severe outcomes, including
death, in relation to an unvaccinated population, but
presented with a higher frequency of hematologic ma-
lignancies and/or lymphopenia.” The number of fully
vaccinated patients in this preliminary report (n = 54)
precluded extensive adjustment for potential con-
founding variables. Thus, stronger evidence is still
needed to better understand the clinical attributes of
patients with cancer who develop breakthrough in-
fections following a 2 doses of mRNA vaccines. Addi-
tionally, while previous studies evaluated the risk of
breakthrough infections and associated severe outcomes
among patients with cancer (as compared to patients
without cancer) who received 2 or 3 doses of COVID-19
vaccines,'® they did not fully account for potential de-
mographic and clinical confounding factors, were not
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able to assess the most recent time periods and did not
evaluate the determinants of worse outcomes in patients
with cancer specifically.

Here, we sought to evaluate in a larger cohort that
encompasses the most recent infection waves the clin-
ical features of patients with cancer who developed
breakthrough infections following 2 or 3 doses of
mRNA vaccines, and their outcomes compared to un-
vaccinated patients, using updated data from the multi-
institutional CCC19 registry. We hypothesized that both
the primary endpoint of 30-day all-cause mortality and
key secondary endpoints of hospitalization and intensive
care unit and/or mechanical ventilation (ICU/MV)
requirement would be improved in the vaccinated
groups with more doses of the vaccines being associated
with further improvement in outcomes.

Methods

The CCC19 maintains a multi-institutional registry of
patients diagnosed with COVID-19 with a current or
previous history of cancer. Data are captured and
managed using REDCap” at Vanderbilt University
Medical Center, with a methodology outlined previ-
ously.” Deidentified data are collected, with a compre-
hensive set of variables for each patient, related to
demographics, cancer status, anti-neoplastic regimens,
COVID-19 (either presumed or laboratory-confirmed
SARS-CoV-2 infection), and COVID-19 vaccination
schedule. Data collection on COVID-19 vaccination for
each newly entered case started with the first interna-
tional approval in November 2020. Eligible cases
included patients with cancer diagnosed with COVID-19
in 2021 or 2022 (to match the dates of widespread vac-
cine deployment), with laboratory-confirmed SARS-
CoV-2 infection and current or previous history of
invasive cancer. Cases with unknown vaccination status,
an unknown primary outcome (30-day mortality), or
poor data quality (i.e., quality score >5 using our pre-
viously defined metric) were excluded.”

Breakthrough infections were defined in the current
study as laboratory-confirmed SARS-CoV-2 infection
following the receipt of 2 or 3 doses of mRNA vaccines
(BNT162b2 or mRNA-1273). Patients with cancer who
were administered 3 doses of mRNA vaccines were not
included in the group of 2 doses of mRNA vaccines,
such as the two groups of vaccines patients (2 and 3
doses of mRNA vaccines) were mutually exclusive. Pa-
tients who received a single dose of mRNA vaccine prior
to SARS-CoV-2 infection were excluded, as were pa-
tients who were diagnosed with COVID-19 before 2021.
Patients who were administered COVID-19 vaccines
following a laboratory-confirmed SARS-CoV-2 infection
were excluded. By consensus, patients vaccinated with
adenovirus vector vaccines (Ad.26.COV2.S) were
excluded, even if they were administered a dose of
mRNA vaccine in subsequent time periods.
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The primary endpoint was defined as 30-day all-
cause mortality among patients vaccinated with 2 or 3
doses of mRNA vaccines, compared to unvaccinated
patients, and was evaluated using a multivariable logis-
tic regression model after Inverse Probability of Treat-
ment Weighting (IPTW) to adjust for potential baseline
confounding variables. Secondary endpoints were
defined as the rates of Intensive Care Unit admission
and/or Mechanical Ventilation (ICU/MV), and hospi-
talization rates in a multivariable logistic analysis after
IPTW to adjust for baseline variables.

The IPTW analysis was used to adjust for differences
in baseline clinical variables between vaccinated and
unvaccinated (Supplementary Methods) and included the
following variables: age (as a continuous variable trun-
cated at 90 years due to Health Insurance Portability and
Accountability Act requirements), sex (female or male),
race/ethnicity (non-Hispanic white, non-Hispanic Black,
Hispanic, other), smoking status (current or former
smoker, never smoker), Eastern Cooperative Oncology
Group performance status (ECOG PS 0, 1 or >2), base-
line systemic corticosteroid use (none, <10 mg/day
prednisone dose equivalent [PDE], >10 mg/day PDE),
lymphopenia (absolute lymphocyte count
[ALC] < 1000 cells/pl, >1000 cells/pl), modified Charlson
comorbidity index (mCCI: 0, 1 or >2) (Supplementary
Table S1), cancer status (active and progressing at time
of COVID-19 diagnosis versus not active and progress-
ing), cancer type (solid organ malignancy, hematologic
neoplasm, or both), and recent systemic anti-neoplastic
therapy (cytotoxic chemotherapy, immunotherapy, tar-
geted therapy, and/or endocrine therapy, as single ther-
apeutic agents or in combination, in the 3 months before
COVID-19 diagnosis, or not). Multiple imputation was
performed for missing covariates (Supplementary
Methods), except for Eastern Cooperative Oncology
Group (ECOG) performance status. To better understand
the clinical characteristics of patients with cancer who
developed breakthrough infections, the ORs are reported
as explanatory modeling for the associations between
these variables and the outcomes of interest.” Such as-
sociations are interpreted as descriptive risk factors.

Sensitivity analyses are fully described in the
Supplementary Methods, and included the following:
the removal of cases with a “possible” vaccination status,
the addition of cancer stage as a covariate in the
regression model, the implementation of cluster-robust
standard errors to adjust the estimates for the partici-
pating institution, the evaluation of recent time periods
ranging from October 2021 to March 2022 only to ac-
count for temporal variations of the pandemic, the
evaluation of patients who received 2 or 3 doses of
mRNA vaccines only, and a regression analysis where
[PTW was not used to balance covariate distributions.

The data dictionary employed for the current analysis,
in addition to instructions on accessing the full CCC19
data dictionary and code used to generate all derived

variables are found in Supplementary Table S2. Data
analysis was performed using R v4.0.3, along with the R
packages Hmisc 4.4.2, Matchlt 4.2.0, ipw 1.0-11, survey
4.0, sandwich 3.0-1, and glmnet 4.1-1.

Ethical statement

This study was exempt from Institutional Review Board
(IRB) review (VUMC IRB#200467) and approved by
IRBs at participating sites. This ongoing study is regis-
tered on ClinicalTrials.gov (NCT04354701).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Based on eligibility criteria, 2486 patients with cancer
and COVID-19 were included in the present study
(Supplementary Table S3). Of these, 564 (23%) and 385
(15%) patients were administered 2 and 3 doses of
mRNA vaccines prior to COVID-19, respectively, while
1537 patients (62%) had no recorded receipt of any
vaccination prior to COVID-19. Baseline clinical char-
acteristics stratified by vaccination status are shown in
Table 1. Among all patients included, 1400 (56%) were
female, and 1580 (64%) were non-Hispanic white.

Patients who received 2 or 3 doses of mRNA vaccines
were older, with a median age of 66 (interquartile range
[IQR]: 57-75) and 67 years (IQR: 59-76), respectively,
compared to 64 years (IQR: 53-74 years) in the unvacci-
nated group. More patients in the vaccinated groups were
non-Hispanic white, 400 (71%) and 284 (74%), compared
to 880 (57%) in the unvaccinated group. The rates of
smoking, baseline systemic corticosteroids, comorbidities,
and progression of cancer at baseline were relatively
similar across the groups. Hematologic malignancies were
reported in 149 (26%) and 128 (33%) patients who
received 2 and 3 doses of mRNA vaccines prior to COVID-
19 infection, respectively, while only 312 (20%) unvacci-
nated patients had a hematologic malignancy. Systemic
anti-neoplastic therapy within 3 months prior to COVID-
19 diagnosis was received in 287 (51%) and 221 (57%)
patients who developed breakthrough infections following
2 and 3 mRNA vaccines, respectively, as compared to 663
(43%) in the unvaccinated population.

As shown in Table 2, the 30-day mortality rate was
10% (n = 55) and 4% (n = 17) among patients who
received 2 and 3 doses of mRNA vaccines, respectively,
compared to 12% (n = 189) in the unvaccinated group.
Similarly, rates of ICU/MV and hospitalization were
lower among patients in the vaccinated groups [2 mRNA
vaccines: 12% (n = 67) and 50% (n = 281), respectively;
and 3 mRNA vaccines: 8% (n = 32) and 38% (n = 145),
respectively], in relation to patients without prior vacci-
nation [16% (n = 241) and 56% (n = 864), respectively].

www.thelancet.com Vol 19 March, 2023


http://ClinicalTrials.gov
www.thelancet.com/digital-health

Articles

Unvaccinated (n = 1537) 2 doses of mRNA vaccines (n = 564) 3 doses of mRNA vaccines (n = 385)
Age, median years (IQR) 64.0 (53.0-74.0) 66.0 (57.0-75.0) 67.0 (59.0-76.0)
Sex
Male 656 (42%) 252 (47%) 209 (49%)
Female 880 (58%) 311 (53%) 176 (51%)
Missing 1 (<1%) 1 (<1%) 0
Race & ethnicity
Non-Hispanic White 896 (58%) 400 (71%) 284 (74%)
Non-Hispanic Black 287 (19%) 71 (13%) 46 (12%)
Hispanic or Latino 176 (11%) 38 (7%) 25 (6%)
Other 149 (10%) 46 (8%) 19 (5%)
Unknown or missing 9 2%) 9 (2%) 11 (3%)
ECOG PS
0 464 (30%) 175 (31%) 160 (42%)
1 424 (28%) 177 (31%) 116 (30%)
>2 211 (14%) 6 (17%) 55 (14%)
Unknown or missing 438 (28%) 116 (21%) 54 (14%)
mCdl
0 748 (49%) 266 (47%) 202 (52%)
1 368 (24%) 134 (24%) 80 (21%)
>2 406 (26%) 159 (28%) 99 (26%)
Unknown or missing 15 (1%) 5 (<1%) 4 (1%)
Smoking status
Never (non-smoker) 743 (48%) 249 (44%) 189 (49%)
Current or former smoker 734 (48%) 300 (53%) 182 (47%)
Unknown or missing 60 (4%) 15 (3%) 14 (4%)
Cancer type
Solid organ tumour 1174 (76%) 390 (69%) 226 (59%)
Hematologic malignancy 312 (20%) 149 (26%) 128 (33%)
Both 51 (3%) 25 (4%) 31 (8%)
Cancer status
Active and progressing 240 (15%) 93 (16%) 52 (14%)
Not active or progressing 1130 (74%) 406 (72%) 300 (78%)
Unknown or missing 167 (11%) 65 (12%) 33 (9%)
Recent systemic anti-cancer therapy
Yes 663 (43%) 287 (51%) 221 (57%)
No 861 (56%) 269 (48%) 162 (42%)
Unknown or missing 13 (1%) 8 (1%) <5 (1%)
Baseline corticosteroids
None 1291 (84%) 454 (81%) 305 (79%)
<10 mg/day PDE 82 (5%) 5 (6%) 28 (7%)
>10 mg/day PDE 121 (8%) 6 (10%) 38 (10%)
Unknown or missing 43 (3%) 9 (3%) 14 (4%)
Lymphopenia
Yes 549 (36%) 197 (35%) 92 (24%)
No 322 (21%) 94 (17%) 57 (17%)
Unknown or missing® 666 (43%) 273 (48%) 236 (61%)
Type of vaccine received
BNT162b2 0 366 (65%) 234 (61%)
mRNA-1273 0 193 (34%) 142 (37%)
Unspecified, including multiple types (“mix and match”) 0 5 (1%) 9 (2%)
ECOG PS: Eastern Cooperative Oncology Group performance status; mCCl: modified Charlson comorbidity index; PDE: prednisone dose equivalent; US: United States. *This includes a substantial number of
cases where labs were not drawn, as is typically the case for milder cases of COVID-19.
Table 1: Baseline demographic and clinical variables among patients with cancer and COVID-19 according to vaccination status.
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Incidence, % (95%Cl) Unvaccinated (n = 1537)

2 doses of mRNA vaccines 3 doses of mRNA vaccines

Hospitalization 57% (54-59)

Cl: confidence interval; ICU: intensive care unit; MV: mechanical ventilation.

(n = 564) (n = 385)
30-day mortality 12% (11-14) 10% (7-12) 4% (3-6)
1CU/MV 16% (15-18) 12% (9-15) 8% (6-11)

50% (46-54) 38% (33-43)

Table 2: Rates of clinical outcomes among patients with cancer and COVID-19 according to vaccination status.

Following IPTW (Supplementary Table S5), receipt
of vaccination (versus not) was associated with better
outcomes for the primary endpoint of 30-day all-cause
mortality, with a stronger association identified for 3
doses of mRNA vaccines [adjusted odds ratio (aOR):
0.20, 95% confidence interval (95% CI): 0.11-0.36], as
compared to 2 doses (aOR: 0.62, 95% CI: 0.44-0.88)
(Fig. 1, Supplementary Table S6). We report absolute
vaccine effectiveness as a 66% and 21% lower risk of 30-
day all-cause mortality for patients vaccinated with 3 and
2 doses of mRNA vaccines, respectively, as compared to
unvaccinated patients with cancer. Similar associations
between vaccination status and outcomes were also
found in regard to the secondary endpoints of ICU/MV
(2 mRNA doses: aOR: 0.60, 95% CI: 0.45-0.82 and
3 mRNA doses: aOR: 0.37, 95% CI: 0.24-0.58), and

Vaccination Status (ref: Unvaccinated)
Two doses of mRNA vaccines
Three doses of mRNA vaccines =

hospitalization (2 mRNA doses: aOR: 0.60, 95% CI:
0.48-0.75 and 3 mRNA doses: aOR: 0.35, 95% CI:
0.26-0.46) (Fig. 2, Supplementary Table S6).

In the multivariable analysis (Figs. 1 and 2,
Supplementary Table S6), increasing age, active and
progressing malignancies (versus not), and a poor
ECOG PS (>2 versus 0) were associated with worse
outcomes in regard to the primary endpoint of 30-day
mortality (aOR: 1.48, 95% CI: 1.30-1.68; aOR: 4.85,
95% CI: 3.40-6.93; and aOR: 3.86, 95% CI: 2.35-6.35,
respectively), and were also linked to higher rates of
ICU/MV (aOR: 1.20, 95% CI: 1.09-1.33; aOR: 1.55, 95%
Cl: 1.11-2.18; and aOR: 2.29, 95% CI: 1.48-3.53,
respectively), and hospitalization (aOR: 1.34, 95% CI:
1.24-1.45; aOR: 2.15, 95% CI: 1.60-2.88; and aOR: 3.31,
95% CI: 2.35-4.67, respectively). Hematologic

Age (per 10 years increase)

Sex (ref: Female)
Male

Cancer status active and progressing
(ref: not active and progressing)
Active and progressing

Modified Charlson Comorbidity Index (ref: 0)
1
2+

ECOG Performance Status (ref: 0)
1

2+

Unk 1 or missi

Baseline corticosteroids (ref: none)
<10mg/day PDE
>10mg/day PDR

Lymphopenia (ref: >1000/ul)
Yes

Cancer type (ref: solid)
Hematologic
Both

Race (ref: non-Hispanic White)
Non-Hispanic Black

Hispanic

Other

Smoking status (ref: non-smoker)
Current or forme smoker

Recent systemic anti-cancer therapy (ref: none)
Yes

0.12 0.25

T T T 1
0.50 1.0 2.0 4.0

<4—— Lower Mortality Higher Mortality ———»

ORs (95%Cls)

Fig. 1: Forest plot showing results of the multivariable logistic regression analysis following IPTW for the primary endpoint of 30-day mortality
among patients with cancer and COVID-19. Cl: confidence interval; ECOG PS: Eastern Cooperative Oncology Group performance status; OR: odds

ratio; PDE: prednisone dose equivalent; ref: reference.
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B ICU admission and/or MV B Hospitalization

Vaccination Status (ref: Unvaccinated)
Two doses of mRNA vaccines
Three doses of mMRNA vaccines »

Age (per 10 years increase)

Sex (ref: Female)
Male

Cancer status active and progressing
(ref: not active and progressing)
Active and progressing

Modified Charlson Comorbidity Index (ref: 0)
1
2+

ECOG Performance Status (ref: 0)
1

2+

L or missi

Baseline systemic corticosteroids (ref: none)
<10mg/day PDE
>10mg/day PDE

Lymphopenia (ref: >1000/ul)
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Cancer type (ref: solid)
Hematologic
Both

Race (ref: non-Hispanic White)
Non-Hispanic Black
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Other

Smoking status (ref: non-smoker)
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Recent systemic anti-cancer therapy (ref: none)
Yes
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Fig. 2: Forest plot showing results of the multivariable logistic regression analysis following IPTW for the secondary endpoints of ICU admission
and/or MV, and hospitalization among patients with cancer and COVID-19. Cl: confidence interval; ECOG PS: Eastern Cooperative Oncology
Group performance status; ICU: intensive care unit; MV: mechanical ventilation; OR: odds ratio; PDE: prednisone dose equivalent; ref: reference.

malignancies (versus solid organ tumors) and the
presence of lymphopenia (versus not) were associated
with an increased risk of ICU/MV (aOR: 1.82, 95% CI:
1.35-2.44; and aOR: 1.65, 95% CI: 1.25-2.17, respec-
tively), and hospitalization (aOR: 1.72, 95% CI
1.37-2.17; and aOR: 1.67, 95% CI: 1.34-2.09, respec-
tively). Similarly, Hispanic patients (versus non-
Hispanic white) were presented with an increased risk
of ICU/MV (aOR: 1.61, 95% CI: 1.06-2.44), while non-
Hispanic Black patients appeared to have a higher risk
of hospitalization (aOR: 1.47, 95% CI: 1.12-1.92).

Results from the sensitivity analyses are described in
Supplementary Tables S7-S13. In summary, vaccina-
tion against COVID-19 remained strongly associated
with better outcomes, both for the primary and sec-
ondary endpoints, with an additional benefit identified
for patients who received 3 doses of mRNA vaccines.
Risk factors linked to worse outcomes in the primary
analysis showed overall very similar associations across
the different sensitivity analyses computed.

Discussion
In this study, we provide a comprehensive clinical char-
acterization of breakthrough SARS-CoV-2 infections in
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patients with cancer following the receipt of 2 or 3 doses
of mRNA vaccines and analyze their outcomes in relation
to a contemporary unvaccinated population. To our
knowledge, this is the first and largest study examining
outcomes for vaccinated and boosted patients with cancer
in a North American setting, primarily the United States.
After controlling for baseline potential adverse clinical
factors, vaccination against COVID-19 was associated
with improved outcomes in relation to all evaluated
endpoints, including mortality. Moreover, a higher
number of mRNA vaccine doses administered (3 versus
2) appeared to confer additional protection against severe
COVID-19 among this population of patients with can-
cer, supporting our hypothesis of additional benefit from
a third dose of mRNA vaccines. This aligns with previous
evidence showing improved immune responses among
patients with cancer after the administration of a third
dose of an mRNA vaccine, including against variants of
concern of SARS-CoV-2, in addition to a lower risk to
develop breakthrough infections identified among pa-
tients with cancer'®'**° Our current work presents with
meaningful clinical implications, as it helps to charac-
terize the protective benefit of mRNA vaccines in relation
to clinical outcomes among patients with cancer who
develop breakthrough infections in recent times, and
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identifies determinants of worse prognosis. This aims to
ensure an optimal assessment and management of this
vulnerable population during breakthrough COVID-19.

Patients with hematologic malignancies and those
who received recent systemic anti-cancer therapies were
more highly represented in the vaccinated (versus un-
vaccinated) groups. This is concordant with prior
studies identifying poorer immune responses to
COVID-19 vaccines among patients with hematologic
(versus solid) cancers, across various vaccination
schedules'***¢ and lower seroconversion rates following
vaccination against COVID-19 among patients with
cancer recently treated with cytotoxic chemotherapy or
other anti-neoplastic immunosuppressive regimens."
There were high rates of non-Hispanic white patients
in the vaccinated subgroups. Whether these differences
are due to an underlying disparity in access, systematic
differences in clinical care, or geographic uptake of
vaccination, versus differential presentation of break-
through infections, is unclear due to a limited sample
size and the general limitations of the retrospective
study design.

Multiple variables were found to be associated with
worse outcomes among vaccinated and unvaccinated
patients with cancer and COVID-19, including
increasing age, poor performance status, active and
progressing malignancy, hematologic malignancies, and
presence of lymphopenia. These represent previously
established associations in patients with cancer for se-
vere COVID-19 disease.”'*?” Notably, due to exclusion of
2020 cases, there is little overlap in the current analysis
and our previously published work establishing these
general associations. Non-Hispanic Black and Hispanic
patients also presented with more severe outcomes as
compared to non-Hispanic white patients, in agreement
with earlier reports showing similar results, all sug-
gesting that the pandemic has exacerbated existing
health disparities.'*?**

The current study presents with limitations, pri-
marily based on the design being a retrospective
observational study which is subject to the inherent
potential for bias and confounding. Longitudinal follow-
up is reliant on registry data entry, and therefore the
outcome data may be subject to measurement biases, in
addition to a non-exhaustive identification of patients
with cancer and COVID-19 across participating in-
stitutions; however, there was very limited missing data.
Data accuracy was reliant on survey respondents and did
not include independent monitoring per study design.
While patients analyzed derive from various medical
centers, distributed across most geographic areas in
North America, smaller centers with limited resources
might be less represented in the current dataset. Based
on the collected variables, it was not possible to assess
the difference in clinical outcomes between early versus
late breakthrough infections, as well as a potential
de-escalation of COVID-19 care among patients with

advanced malignancies. Additionally, there was an
inability to analyze specific SARS-CoV-2 variants of
concern, as these are not tested for clinically. However, a
sensitivity analysis evaluating specifically the most
recent time periods corresponding to the spread of novel
variants of concern, showed overall similar results to
those identified in the main analysis, but with a poten-
tially reduced benefit of three doses of mRNA vaccines
as compared to the main analysis. The evaluation of
clinical outcomes across subgroups of solid malig-
nancies (e.g. breast cancer, thoracic malignancies) was
restricted by a limited number of events. As only pa-
tients with cancer with a diagnosis of COVID-19 were
captured, the investigation of vaccinated patients who
did not develop breakthrough infections could not be
performed. Patients who were vaccinated after devel-
oping COVID-19 were excluded to avoid the introduc-
tion of survivorship bias; however, omission of these
patients could make outcomes for the unvaccinated
cohort appear to be relatively worse. Although we cannot
exclude the possibility of immortal time bias due to the
exclusion of patients who died prior to receiving the
third dose of mRNA vaccine, this possibility is unlikely
because had these patients survived, they would also be
excluded due to ineligibility to receive the third dose. In
addition, because of this consideration there could be
additional bias related to selection or disease severity
particularly related to temporal differences (e.g. SARS-
CoV-2 variants) or overall patient health status by the
number of vaccine doses administered. Although not
evaluated in the current work, the protective benefit of a
single dose of mRNA vaccine among patients with
cancer should be investigated in future efforts and
would be highly relevant to areas with limited resources.
After exclusions to partially address time-varying con-
founding, the sample size is relatively modest such that
some of the confidence intervals in the primary analysis
and especially in the sensitivity analyses are wide. There
may Dbe residual confounding due to regional and
center-level factors which are incompletely captured in
the CCC19 data model.”* Additionally, the exact timing
of breakthrough infections in relation to COVID-19
vaccination were not precisely determined, as our cur-
rent analysis relied on time intervals instead. Despite
such limitations, this represents one of the largest co-
horts with comprehensive clinical and biological data on
vaccinated patients with cancer and breakthrough
COVID-19 reported to date. Moreover, to our knowl-
edge, this is one of the first studies to evaluate break-
through infections following the receipt of 3 doses of
mRNA vaccines among patients with cancer.

Future studies should aim to investigate duration
of immunity and the associated immunological char-
acteristics of breakthrough infections through dedi-
cated laboratory evaluations. Also, the precise timing
of breakthrough infections from the last dose of
vaccination in relation to COVID-19 outcomes among
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patients with cancer, especially in specific population
subgroups, should be investigated to enhance provi-
sion of clinical care. This is difficult in a retrospective
study design, given that post-vaccination titers and
cellular responses are not routinely captured in clin-
ical care. Additionally, the effects of a 4th dose of
vaccination, second boosters, and whether certain
vaccines or “mix and match” strategies are effective,
will need to be investigated.

In conclusion, vaccination is an essential strategy
to prevent symptomatic and severe COVID-19 across
all patient groups, including those with cancer.
Although this was not a causal analysis, vaccination
appears to protect from severe outcomes, including
death, among patients with cancer who develop
breakthrough infections. With the emergence of novel
SARS-CoV-2 variants of concern, vaccination accord-
ing to recommended schedules, judicious social
distancing, and mask wearing represent important
measures to help control the spread of the virus and
ensure optimal outcomes across the patient
population.
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