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abstract

PURPOSE To provide real-world evidence on risks and outcomes of breakthrough COVID-19 infections in
vaccinated patients with cancer using the largest national cohort of COVID-19 cases and controls.

METHODS We used the National COVID Cohort Collaborative (N3C) to identify breakthrough infections between
December 1, 2020, and May 31, 2021. We included patients partially or fully vaccinated with mRNA COVID-19
vaccines with no prior SARS-CoV-2 infection record. Risks for breakthrough infection and severe outcomes were
analyzed using logistic regression.

RESULTS A total of 6,860 breakthrough cases were identified within the N3C-vaccinated population, among
whom 1,460 (21.3%) were patients with cancer. Solid tumors and hematologic malignancies had significantly
higher risks for breakthrough infection (odds ratios [ORs]5 1.12, 95% CI, 1.01 to 1.23 and 4.64, 95% CI, 3.98
to 5.38) and severe outcomes (ORs 5 1.33, 95% CI, 1.09 to 1.62 and 1.45, 95% CI, 1.08 to 1.95) compared
with noncancer patients, adjusting for age, sex, race/ethnicity, smoking status, vaccine type, and vaccination
date. Compared with solid tumors, hematologic malignancies were at increased risk for breakthrough infections
(adjusted OR ranged from 2.07 for lymphoma to 7.25 for lymphoid leukemia). Breakthrough risk was reduced
after the second vaccine dose for all cancers (OR5 0.04; 95%CI, 0.04 to 0.05), and for Moderna’smRNA-1273
compared with Pfizer’s BNT162b2 vaccine (OR 5 0.66; 95% CI, 0.62 to 0.70), particularly in patients with
multiple myeloma (OR 5 0.35; 95% CI, 0.15 to 0.72). Medications with major immunosuppressive effects and
bone marrow transplantation were strongly associated with breakthrough risk among the vaccinated population.

CONCLUSION Real-world evidence shows that patients with cancer, especially hematologic malignancies, are at
higher risk for developing breakthrough infections and severe outcomes. Patients with vaccination were at
markedly decreased risk for breakthrough infections. Further work is needed to assess boosters and new SARS-
CoV-2 variants.
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INTRODUCTION

There is an urgent demand for real-world evidence
(RWE) on the efficacy of COVID-19 vaccines in pa-
tients with cancers. This vulnerable population is
disproportionately and heterogeneously affected by
the COVID-19 pandemic. Significantly higher infection
risk and higher overall mortality in specific cancers
including hematologic and lung cancers have been
reported by our team1 and others.2-4 COVID-19 vac-
cines have demonstrated high efficacy in preventing
infection and severe outcomes according to recent
clinical trials, observational studies, and RWE in
the general population.5-8 Limited evidence, however,

exists on the effectiveness of COVID-19 vaccines in
patients with cancers.9 Immune competence varies
across cancer types and treatments, which may result
in disparate responses to COVID-19 vaccines. In
particular, the immunosuppressive states associated
with certain types of cancers (eg, hematologic ma-
lignancies10) and cancer treatments (eg, anti–B-cell
therapies and proteasome inhibitor therapies11) can
impair acquired immune responses to vaccines.
Existing evidence showed that antibody titers in the
patients with cancer of immunosuppressive states are
significantly lower12; nevertheless, COVID-19 vaccines
have demonstrated a strong T-cell response and may
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provide protective T-cell immunity regardless of antibody
titers.13 However, cancer-specific clinical trials such as the
VOICE (vaccination against COVID in cancer) study have
just been launched in recent months.14 The current public
health policies of providing COVID-19 vaccines, including
booster doses, to patients with cancers are mainly based on
the hypothesis that the benefits of vaccination outweigh
their risks.15 To our knowledge, a large-scale, compre-
hensive investigation on the effectiveness and heteroge-
neity of COVID-19 vaccines in patients with cancers still
does not exist.

Current evidence suggests that, although mRNA-1273
(Moderna) and BNT162b2 (Pfizer–BioNTech) vaccines
show more than 90% efficacy in preventing COVID-1916,17

after the second dose, Moderna’s vaccine is shown to
generate more than double the antibodies than Pfizer’s
vaccine.18 Another study shows that breakthrough infections
are less likely to occur among those vaccinated with Mod-
erna compared with Pfizer,19 and the rate of hospitalization
was lower among theModerna-vaccinated cohort versus the
Pfizer cohort. This indicates that Moderna’s vaccine may
provide better protection for immunocompromised people
including patients with cancer. However, corresponding
RWE for the population with cancers is still missing.

Our study aims to address these knowledge gaps using a
large, nationally representative cohort of patients made
available through the National COVID Cohort Collaborative
(N3C) consortium.20 The N3C enclave houses the largest
harmonized and integrated clinical cohort registry of
COVID-19–tested patients in the United States and in-
cludes electronic health record data of approximately 7.9
million patients with one (or more) clinical encounters after
January 1, 2020 (inpatient or outpatient), from more than

65 US medical centers. Our work provides one of the first
and the largest national-level RWE on risk for COVID-19
breakthrough infections in patients with cancers, measures
the effectiveness of mRNA vaccines in preventing break-
through infections, and outlines the outcomes of break-
through cases.

METHODS

Study Cohort

We defined our breakthrough analytic cohort as patients
who have (1) received at least one dose of an mRNA
vaccine between December 01, 2020, and May 31, 2021
(BNT162b2 by Pfizer-BioNTech or mRNA-1273 by Mod-
erna); (2) never been diagnosed with COVID-19 before
vaccination; and (3) developed COVID-19 at least 14 days
from the first mRNA vaccine dose. Those who had received
two doses of vaccines before COVID-19 infection or
remained uninfected by the cutoff date were considered as
fully vaccinated, whereas those who only received one dose
were defined as partially vaccinated. The COVID-19 in-
fection status (positive or negative) was identified according
to diagnosis records, reverse transcription polymerase
chain reaction testing results, and COVID-19 antibody
testing results (Data Supplement, online only) as previously
described.1

Indicator Variables

We included data on age at the time of the first vaccine
dose, sex, race and ethnicity, and smoking status (Data
Supplement). We used available data to calculate indicator
variables on the Charlson Comorbidity Index (CCI)21 ad-
justed for the cancer diagnosis. Comorbidity categories
were defined by mapping the International Classification of
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Diseases ICD-10-Clinical Modification codes used in the
definition by Quan et al to each code’s Observational
Medical Outcomes Partnership standard equivalent Sys-
tematized Nomenclature of Medicine (SNOMED) code.21-23

The geographic variance and potential impacts were also
examined.

Primary Cancer Diagnosis

Cancer diagnosis algorithm1 is provided in the Data Sup-
plement. Patients with cancers within the N3C registry were
identified by the Malignant Neoplastic Disease standard
concept (SNOMED Code: 363346000) using the Obser-
vational Health Data Sciences and Informatics ATLAS tool.

Cancer Therapies

Exposure to systemic, nontopical cancer therapies was
assessed for each patient in our cohort using a string search
for each cancer therapy in the drug concept name and
manually reviewed for correctness. Cancer therapies be-
longing to 15 major drug classes in the National Cancer
Institute Division of Cancer Control and Population Sci-
ences (Data Supplement)24,25 were identified. Bone mar-
row transplantation before vaccination was also identified
according to N3C Concept Set 5960049. This concept set
included the vocabulary descendants of the SNOMED code
42537745 (bone marrow transplant present) and the
SNOMED code 23719005 (transplantation of bone mar-
row). Medications with major immunosuppressive effects
were identified through cross-referencing Physicians’
Cancer Chemotherapy Drug Manual 2021 (ISBN
1284230139) and The Washington Manual Hematology
and Oncology Subspecialty Consult (ISBN 1496328086).

Outcomes

The primary outcome of interest was a COVID-19 infection
after 14 days of receiving the first or the second dose of an
mRNA vaccine. Severe COVID-19 outcomes were defined
as death (including discharge to hospice), hospitalization,
or use of mechanical ventilation or extracorporeal mem-
brane oxygenation.

Statistical Analysis and Visualization

Descriptive analyses were shown with counts and per-
centages for categorical variables and with medians and
the corresponding interquartile ranges (IQRs) for numeric
variables. The vaccinated patients were identified following
CDC guidelines.26 Risks for breakthrough infection and
severe outcomes were evaluated using multivariable lo-
gistic regression models. The models were adjusted for age
group at vaccination date, sex, race and ethnicity, smoking
status, vaccination type (fully or partially vaccinated),
vaccine types (BNT162b2 by Pfizer-BioNTech or mRNA-
1273 by Moderna), primary cancer types, recent cancer
treatment, and adjusted CCI variables (for outcome anal-
ysis). Adjusted odds ratios (ORs) with an adjusted 95% CI
were estimated for these potential risk factors. Two-tailed
P values were calculated using the Wald test. For cancer

drugs analysis, the P values and 95%CIs were adjusted for
multiple testing using false discovery rates.27 Explained
variations and goodness of fit of models were compre-
hensively evaluated, and the results are provided in the
Data Supplement.

Per N3C policy, exact counts that are 20 or less are not
reported to protect the privacy of individuals. All analyses
are performed in the N3C Data Enclave on the Palantir
platform.

The Role of the Institutional Review Board

Data received by the National Center for Advancing
Translational Sciences for the N3C Data Enclave are cov-
ered under a National Institutes of Health Institutional Re-
view Board (IRB)–approved protocol with waiver of consent
for Electronic Health Record–derived COVID-19–related
research. All the authors who performed analyses and had
access to N3C data in the Enclave obtained individual in-
stitutional review board approvals from their respective in-
stitutions for this project and were also approved to use a
limited data set by the N3C Data Use Request Committee.

RESULTS

Cohort Collection

As of August 27, 2021, our N3C cohort (data release version
42) consists of 58,772 COVID-19–positive cases with vac-
cination records (median age of 50 years, 58.2% female,
46.2% non-Hispanic White, and 11.0% with four or more
comorbidities). Among this vaccination cohort, there were
6,860 breakthrough cases, with 2,787 fully vaccinated and
4,073 partially vaccinated cases (Fig 1). Meanwhile, there
were 402,485 in the control groupwithout COVID-19 infection
records, including 351,206 fully vaccinated and 51,290
partially vaccinated cases. We noticed a significantly lesser
proportion of fully vaccinated patients in the breakthrough
infection group (40.6%) than in the control group (87.3%),
with an OR of 0.10 (Fisher’s exact test: P value # .0001). Of
note, the 6,860 breakthrough cases included 1,460 patients
with cancer, with 867 fully and 593 partially vaccinated.
Cancer cases demonstrated a significantly greater proportion
of fully vaccinated patients (59.4%) with breakthrough in-
fection than noncancer cases (35.6%), showing an OR of
2.65 (P value of Fisher’s exact test: , .0001).

Demographic and Clinical Characteristics

Among breakthrough cases (Table 1), the fully vaccinated
subgroup had a higher median age of 63 years and higher
proportions of severe outcomes (37.7%), current or former
smokers (40.3%), and four or more comorbidities (22.2%)
than the partially vaccinated subgroup. The cancer
breakthrough cases demonstrated similar trends. Skin
cancer and leukemia were top solid and hematologic
cancer types. Consistently, among all vaccinated while not
infected cases (Table 1), there were higher proportions
of severe outcomes (32.6%), current or former smokers
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(31.5%), and more cases of four or more comorbidities
(16.3%) in the fully vaccinated subgroup.

Vaccination Effectiveness in Protecting Patients With

Cancer from COVID-19 Infection

As shown in Appendix Figure A1A (online only) and the
Data Supplement, age over 65 years (adjusted OR: 2.53;
95% CI, 2.28 to 2.82), current or former smokers (adjusted
OR: 1.3; 95% CI, 1.22 to 1.37), solid cancers (adjusted OR:
1.12; 95% CI, 1.01 to 1.23), and hematologic cancers
(adjusted OR: 4.64; 95% CI, 3.98 to 5.38) were associated
with increased risk of breakthrough infections. Male (ad-
justed OR: 0.87; 95% CI, 0.83 to 0.92) and non-Hispanic
Black (adjusted OR 5 0.63; 95% CI, 0.57 to 0.7) were at
lower risk. Full vaccination (adjusted OR: 0.04; 95% CI,
0.04 to 0.05), Moderna’s vaccine (adjusted OR: 0.66; 95%
CI, 0.62 to 0.7), and vaccination calendar date (adjusted
OR: 0.43; 95% CI, 0.42 to 0.44) showed lower risk of
breakthrough infections.

Individual multivariable analysis results for specific cancer
types and potential risk factors are shown in Appendix
Figure A1B and the Data Supplement. Compared with

noncancer cases, patients with hematologic cancers in-
cluding leukemia (adjusted OR: 6.15; 95% CI, 4.79 to
7.79), multiple myeloma (adjusted OR: 7.92; 95% CI, 6.04
to 10.2), and lymphoma (adjusted OR: 2.43; 95% CI, 1.78
to 3.24) were at higher breakthrough risk. These hema-
tologic cancers also had greater breakthrough risks than
solid cancers (Appendix Fig A1C and Data Supplement).

Given that hematologic cancers were susceptible to
breakthrough infection, we assessed the vaccine protection
for each hematologic cancer type (Appendix Fig A1D and
Data Supplement). Full vaccination protected patients with
multiple myeloma (adjusted OR: 0.19; 95%CI, 0.1 to 0.35),
lymphoma (adjusted OR: 0.19; 95% CI, 0.1 to 0.38), and
lymphoid leukemia (adjusted OR: 0.11; 95% CI, 0.05 to
0.24) better from COVID-19 breakthrough. Moderna’s
vaccine showed stronger protection for patients with mul-
tiple myeloma (adjusted OR: 0.35; 95% CI, 0.15 to 0.72).

Vaccination Effectiveness in Reducing Severe COVID-19

Outcomes in Patients With Cancer

Age over 65 years, non-Hispanic Black patients, current
or former smokers, and patients with more comorbidities

N3C patients by 

August 27, 2021

(N = 8,036,711)

Vaccinated
(n = 595,345)

COVID-19–positive 
(n = 61,857)

mRNA vaccines
(n = 58,772)

COVID-19–negative
(n = 455,804)

mRNA vaccines
(n = 434,672)

Excluded                              (n = 21,132)
  Vaccine of JNJ-78436735

Excluded                           (n = 77,684)
  First COVID-19 diagnosis 
  before December 1, 2020, or 
  after May 31, 2021

Excluded                              (n = 3,085)
  Vaccine of JNJ-78436735

Excluded                         (n = 51,912)
  First COVID-19 diagnosis 
  before vaccination 

Excluded                           (n = 32,187)
  First vaccine dose before 
  November 17, 2020, or after 
  May 17, 2021

   Cancer                                        (n = 1,460, 21.3%)
   Noncancer                                  (n = 5,400, 78.7%)
   Received two doses                 (n =  2,787, 40.6%)
   Received one dose                   (n =  4,073, 59.4%)

Breakthrough cases                                 (n = 6,860) Controls                                                          (n = 402,485)

   Cancer                                               (n = 62,690, 15.6%)
   Non-cancer                                     (n = 339,795, 74.4%)
   Received two doses                       (n = 351,206, 87.3%)
   Received one dose                           (n = 51,290, 12.7%)

FIG 1. CONSORT diagram. The whole N3C-vaccinated population was screened according to the N3C data released on August 27, 2021. The exclusion
criteria were based on scientific needs (excluding patients who had COVID-19 infections before vaccinations) and data availability (excluding JNJ-
78436735), completeness (excluding COVID-19 infections after May 31, 2021), and quality. N3C, National COVID Cohort Collaborative.
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TABLE 1. Cohort Characteristics of Breakthrough Cases

Breakthrough Case Vaccinated (n 5 6,860)
Vaccinated With Two
Doses (n 5 2,787)

Vaccinated With One
Dose (n 5 4,073)

Cancer: Vaccinated
(n 5 1,460)

Cancer: Vaccinated With
Two Doses (n 5 867)

Cancer: Vaccinated With
One Dose (n 5 593)

Age, years, No. (%),
median (IQR)

All 6,860 (100); 57 (41-69) 2,787 (100); 63 (46-73) 4,073 (100); 52 (39-65) 1,460 (100); 70 (61-77) 867 (100); 71 (63-77) 593 (100); 67 (57-75)

, 30 502 (7.3); 26 (24-28) 150 (5.4); 26 (23-28) 352 (8.6); 26 (24-28) , 20 (–); 25 (23-27) , 20 (–); 27.5 (27.25-27.75) , 20 (–); 24 (22-26)

30-49 2,092 (30.5); 40 (35-44) 659 (23.7); 40 (35-44) 1,433 (35.2); 40 (35-45) , 120 (, 8.2); 43 (38-47) , 60 (, 6.9); 43 (39.25-46.75) , 70 (11.8); 44 (36-47)

50-64 1,888 (27.5); 58 (54-61) 667 (23.9); 58 (54-62) 1,221 (30.0); 57 (53-61) 382 (26.2); 59 (55-62) 203 (23.4); 60 (56-62) 179 (30.2); 59 (55-61)

$ 65 2,382 (34.7); 73 (69-78) 1,328 (47.7); 74 (69-79) 1,054 (25.9); 73 (68-78) 955 (65.4); 74 (70-79) 609 (70.2); 74 (70-80) 346 (58.4); 74 (69.25-79)

Sex, No. (%)

Female 4,351 (63.4) 1,636 (58.7) 2,715 (66.7) 728 (49.9) 415 (47.9) 313 (52.8)

Male 2,506 (36.5) 1,149 (41.2) 1,357 (33.3) 731 (50.1) 451 (52.0) 280 (47.2)

Race and ethnicity, No. (%)

Asian 385 (5.6) 150 (5.4) 235 (5.8) 35 (2.4) 24 (2.8) , 20 (–)

Hispanic 425 (6.2) 161 (5.8) 264 (6.5) 53 (3.6) 26 (3.0) , 30 (,5.1)

Non-Hispanic Black 451 (6.6) 168 (6.0) 283 (7.0) 105 (7.2) 55 (6.3) 50 (8.4)

Non-Hispanic White 4,404 (64.2) 1,808 (64.9) 2,596 (63.7) 1,038 (71.1) 648 (74.7) 390 (65.8)

Others or unknown 1,195 (17.4) 500 (17.9) 695 (17.1) 229 (15.7) 114 (13.2) 115 (19.4)

Vaccines, No. (%)

BNT162b2 by Pfizer-
BioNTech

5,349 (78.0) 2,103 (75.5) 3,246 (79.7) 1,031 (70.6) 610 (70.4) 421 (71.0)

mRNA-1273 by Moderna 1,511 (22.0) 684 (24.5) 827 (20.3) 429 (29.4) 257 (29.6) 172 (29.0)

Vaccination date, median
(IQR)

Date of the first dose January 22, 2022
(January 08, 2021-
March 04, 2021)

January 30, 2021
(January 05, 2021-
February 27, 2021)

January 20, 2021
(January 09, 2021-
March 09, 2021)

February 05, 2021
(January 21, 2021-
March 05, 2021)

February 05, 2021
(January 21, 2021-
March 04, 2021)

February 05, 2021
(January 18, 2021-
March 11, 2021)

Outcome, No. (%)

Severe outcomes 2,054 (29.9) 1,051 (37.7) 1,003 (24.6) 667 (45.7) 426 (49.1) 241 (40.6)

Hospitalization 2,042 (29.8) 1,046 (37.5) 996 (24.5) 661 (45.3) 425 (49.0) 236 (39.8)

Ventilation or ECMO 88 (1.3) 41 (1.5) 47 (1.2) 33 (2.3) 21 (2.4) , 20 (–)

Death 69 (1.0) 30 (1.1) 39 (1.0) 36 (2.5) 20 (2.3) , 20 (–)

Smoking status, No. (%)

Current or former smoker 1,938 (28.3) 1,124 (40.3) 814 (20.0) 454 (31.1) 271 (31.3) 183 (30.9)

Nonsmoker 4,921 (71.7) 1,663 (59.7) 3,258 (80.0) 1,006 (68.9) 596 (68.7) 410 (69.1)

(continued on following page)
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TABLE 1. Cohort Characteristics of Breakthrough Cases (continued)

Breakthrough Case Vaccinated (n 5 6,860)
Vaccinated With Two
Doses (n 5 2,787)

Vaccinated With One
Dose (n 5 4,073)

Cancer: Vaccinated
(n 5 1,460)

Cancer: Vaccinated With
Two Doses (n 5 867)

Cancer: Vaccinated With
One Dose (n 5 593)

Adjusted CCI, No. (%)

0 3,419 (49.8) 1,094 (39.3) 2,325 (57.1) 366 (25.1) 197 (22.7) 169 (28.5)

1 1,347 (19.6) 567 (20.3) 780 (19.2) 265 (18.2) 158 (18.2) 107 (18.0)

2 618 (9.0) 322 (11.6) 296 (7.3) 175 (12.0) 115 (13.3) 60 (10.1)

3 365 (5.3) 185 (6.6) 180 (4.4) 118 (8.1) 69 (8.0) 49 (8.3)

$ 4 1,111 (16.2) 619 (22.2) 492 (12.1) 536 (36.7) 328 (37.8) 208 (35.1)

Type of primary malignancy,
No. (%)

Solid cancers 578 (8.4) 288 (10.3) 290 (7.1) 578 (39.6) 288 (33.2) 290 (48.9)

Breast cancer 126 (1.8) 64 (2.3) 62 (1.5) 126 (8.6) 64 (7.4) 62 (10.5)

GI cancers 52 (0.8) 22 (0.8) 30 (0.7) 52 (3.6) 22 (2.5) 30 (5.1)

Prostate cancer 88 (1.3) 45 (1.6) 43 (1.1) 88 (6.03) 45 (5.2) 43 (7.3)

Skin cancers 176 (2.6) 87 (3.1) 89 (2.2) 176 (12.1) 87 (10.0) 89 (15.0)

Other solid tumors 136 (2.0) 70 (2.5) 66 (1.6) 136 (9.3) 70 (8.1) 66 (11.1)

Hematologic cancers 229 (3.3) 161 (5.8) 68 (1.7) 229 (15.7) 161 (18.6) 68 (11.5)

Leukemia 86 (1.3) 62 (2.2) 24 (0.6) 86 (5.9) 62 (7.2) 24 (4.1)

Multiple myeloma 74 (1.1) 52 (1.9) 22 (0.5) 74 (5.1) 52 (6.0) 22 (3.7)

Other hematologic cancers 69 (1.0) 47 (1.7) 22 (0.5) 69 (4.7) 47 (5.4) 22 (3.7)

Multisite/metastatic 612 (9.0) 402 (14.4) 210 (5.2) 612 (41.9) 402 (46.4) 210 (35.4)

Unknown 21 (0.3) , 20 (–) , 20 (–) 21 (1.4) , 20 (–) , 20 (–)

Undefined primary 20 (0.3) , 20 (–) , 20 (–) 20 (1.4) , 20 (–) , 20 (–)

COVID-19–Negative Control
Vaccinated

(n 5 402,485)
Vaccinated With Two
Doses (n 5 351,206)

Vaccinated With One
Dose (n 5 51,290)

Cancer: Vaccinated
(n 5 62,690)

Cancer: Vaccinated With
Two Doses (n 5 58,287)

Cancer: Vaccinated With
One Dose (n 5 4,405)

Age, years, No. (%),
median (IQR)

All 402,485 (100); 56 (38-69) 351,206 (100); 58 (40-70) 51,290 (100); 42 (28-57) 62,690 (100); 70 (60-77) 58,287 (100); 70 (61-77) 4,405 (100); 63 (53-73)

# 29 47,258 (11.7); 24 (21-27) 37,537 (10.7); 25 (22-27) 9,722 (19.0); 24 (21-27) 788 (1.3); 25 (22-28) 655 (1.1); 25 (22-28) 133 (3.02); 24 (21-27)

30-49 107,024 (26.6); 39 (34-44) 89,181 (25.4); 39 (34-44) 17,847 (34.8); 39 (34-44) 5,436 (8.7); 43 (38-46) 4,728 (8.1); 43 (38-46) 708 (16.1); 43 (38-46)

50-64 105,040 (26.1); 58 (54-61) 92,662 (26.4); 58 (54-61) 12,382 (24.1); 56 (53-60) 16,101 (25.7); 59 (55-62) 14,551 (25.0); 59 (55-62) 1,551 (35.2); 58 (54-61)

$ 65 136,298 (33.9); 73 (69-79) 129,360 (36.8); 73 (69-79) 6,940 (13.5); 72 (68-79) 40,731 (65.0); 75 (70-80) 38,730 (66.5); 75 (70-80) 2,002 (45.5); 74 (69-81)

Sex, No. (%)

Female 229,101 (56.9) 198,964 (56.7) 30,144 (58.8) 31,644 (50.5) 29,264 (50.2) 2,380 (54.0)

Male 172,895 (43.0) 151,817 (43.2) 21,082 (41.1) 31,027 (49.5) 29,005 (49.8) 2,024 (46.0)

(continued on following page)
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TABLE 1. Cohort Characteristics of Breakthrough Cases (continued)

COVID-19–Negative Control
Vaccinated

(n 5 402,485)
Vaccinated With Two
Doses (n 5 351,206)

Vaccinated With One
Dose (n 5 51,290)

Cancer: Vaccinated
(n 5 62,690)

Cancer: Vaccinated With
Two Doses (n 5 58,287)

Cancer: Vaccinated With
One Dose (n 5 4,405)

Race and ethnicity, No. (%)

Asian 19,102 (4.8) 16,141 (4.6) 2,961 (5.8) 1,513 (2.4) 1,348 (2.3) 165 (3.8)

Hispanic 30,702 (7.6) 25,089 (7.1) 5,614 (11.0) 2,095 (3.3) 1,894 (3.3) 201 (4.6)

Non-Hispanic Black 38,844 (9.7) 32,559 (9.3) 6,286 (12.3) 5,632 (9.0) 5,031 (8.6) 601 (13.6)

Non-Hispanic White 241,704 (60.1) 217,374 (61.9) 24,335 (47.5) 44,321 (70.7) 41,793 (71.7) 2,529 (57.4)

Others or unknown 72,133 (17.9) 60,043 (17.1) 12,094 (23.6) 9,129 (14.6) 8,221 (14.1) 909 (20.6)

Vaccines, No. (%)

BNT162b2 by Pfizer-
BioNTech

294,695 (73.2) 260,028 (74.0) 34,672 (67.6) 45,678 (72.9) 42,649 (73.2) 3,031 (68.8)

mRNA-1273 by Moderna 107,790 (26.8) 91,178 (26.0) 16,618 (32.4) 17,012 (27.1) 15,638 (26.8) 1,374 (31.2)

Vaccination date (days)

Date of the first dose March 04, 2021
(January 27, 2021-
March 31, 2021)

February 27, 2021
(January 25, 2021-
March 25, 2021)

April 22, 2021
(March 07, 2021-
May 03, 2021)

February 18, 2021
(January 28, 2021-
March 15, 2021)

February 16, 2021
(January 27, 2021-
March 12, 2021)

March 29, 2021
(February 16, 2021-

April 27, 2021)

Outcome, No. (%)

Severe outcomes 127,774 (31.8) 114,543 (32.6) 13,233 (25.8) 31,136 (49.7) 28,886 (49.6) 2,251 (51.1)

Hospitalization 127,416 (31.7) 114,261 (32.5) 13,157 (25.7) 30,991 (49.4) 28,772 (49.4) 2,220 (50.4)

Ventilation or ECMO 3,535 (0.9) 3,060 (0.9) 475 (0.9) 1,014 (1.6) 899 (1.6) 115 (2.6)

Death 2,100 (0.5) 1,611 (0.5) 489 (1.0) 1,201 (1.9) 947 (1.6) 254 (5.8)

Smoking status, No. (%)

Current or former smoker 121,311 (30.1) 110,744 (31.5) 10,568 (20.6) 22,999 (36.7) 21,695 (37.2) 1,305 (29.6)

Nonsmoker 279,869 (69.5) 239,239 (68.1) 40,640 (79.2) 39,625 (63.2) 36,529 (62.7) 3,097 (70.3)

Adjusted CCI, No. (%)

0 198,616 (49.4) 168,066 (47.9) 30,555 (59.6) 14,101 (22.5) 13,073 (22.4) 1,029 (23.4)

1 80,574 (20.0) 70,803 (20.2) 9,774 (19.1) 11,096 (17.7) 10,356 (17.8) 740 (16.8)

2 37,146 (9.2) 33,694 (9.6) 3,454 (6.7) 7,438 (11.9) 7,000 (12.0) 438 (9.9)

3 23,253 (5.8) 21,275 (6.1) 1,979 (3.9) 5,272 (8.4) 4,948 (8.5) 325 (7.4)

$ 4 62,896 (15.6) 57,368 (16.3) 5,528 (10.8) 24,783 (39.5) 22,910 (39.3) 1,873 (42.5)

Type of primary malignancy, No. (%)

Solid cancers 34,320 (8.5) 32,029 (9.1) 2,291 (4.5) 34,320 (54.8) 32,029 (55.0) 2,291 (52.0)

Breast cancer 7,215 (1.8) 6,701 (1.9) 514 (1.0) 7,215 (11.5) 6,701 (11.5) 514 (11.7)

GI cancers 3,440 (0.9) 3,146 (0.9) 294 (0.6) 3,440 (5.5) 3,146 (5.4) 294 (6.7)

Prostate cancer 6,267 (1.6) 5,975 (1.7) 292 (0.6) 6,267 (10.0) 5,975 (10.3) 292 (6.6)

(continued on following page)

1420
©

2022
by

A
m
erican

Society
of

C
linicalO

ncology
Volum

e
40,

Issue
13

Song
et

al



TABLE 1. Cohort Characteristics of Breakthrough Cases (continued)

COVID-19–Negative Control
Vaccinated

(n 5 402,485)
Vaccinated With Two
Doses (n 5 351,206)

Vaccinated With One
Dose (n 5 51,290)

Cancer: Vaccinated
(n 5 62,690)

Cancer: Vaccinated With
Two Doses (n 5 58,287)

Cancer: Vaccinated With
One Dose (n 5 4,405)

Skin cancers 9,105 (2.3) 8,592 (2.4) 513 (1.0) 9,105 (14.5) 8,592 (14.7) 513 (11.7)

Other solid tumors 8,293 (2.1) 7,615 (2.2) 678 (1.3) 8,293 (13.2) 7,615 (13.1) 678 (15.4)

Hematologic cancers 3,824 (1.0) 3,455 (1.0) 370 (0.7) 3,824 (6.1) 3,455 (5.9) 370 (8.4)

Leukemia 1,137 (0.3) 1,032 (0.3) 106 (0.2) 1,137 (1.8) 1,032 (1.8) 106 (2.4)

Multiple myeloma 787 (0.2) 714 (0.2) 73 (0.1) 787 (1.3) 714 (1.2) 73 (1.7)

Other hematologic cancers 1,900 (0.5) 1,709 (0.5) 191 (0.4) 1,900 (3.0) 1,709 (2.9) 191 (4.3)

Multisite/metastatic 22,359 (5.6) 20,799 (5.9) 1,561 (3.0) 22,359 (35.7) 20,799 (35.7) 1,561 (35.4)

Unknown 1,213 (0.3) 1,133 (0.3) 80 (0.2) 1,213 (1.9) 1,133 (1.9) 80 (1.8)

Undefined primary 974 (0.2) 871 (0.2) 103 (0.2) 974 (1.6) 871 (1.5) 103 (2.3)

Abbreviations: CCI, Charlson Comorbidity Index; ECMO, extracorporeal membrane oxygenation; IQR, interquartile range.
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(higher adjusted CCI) were at greater risk of severe COVID-19
outcomes (Appendix Fig A2A, online only). Meanwhile,
compared with noncancer cases, solid cancers (adjusted
OR: 1.33; 95% CI, 1.09 to 1.62) and hematologic cancers
(adjusted OR: 1.45; 95% CI, 1.08 to 1.95) had higher risks
of severe COVID-19 outcomes. Fully vaccinated cases were
related to a higher risk of severe outcomes than partially
vaccinated cases (adjusted OR: 1.35; 95% CI, 1.2 to 1.52),
whereas patients with Moderna’s vaccine (adjusted OR:
0.64; 95% CI, 0.56 to 0.74) had lower risks than Pfizer’s.

Individual multivariable analyses regarding specific cancer
types suggested that, compared with noncancer cases
(Appendix Fig A2B, Data Supplement), patients with
multiple myeloma were associated with increased risks of
severe COVID-19 outcomes (adjusted OR: 1.75; 95% CI,
1.06 to 2.89). When compared with solid cancers (Ap-
pendix Fig A2C and Data Supplement), patients with
lymphoid leukemia (adjusted OR: 0.53; 95% CI, 0.28 to
0.97) were at decreased risk.

Among individual hematologic cancers (Appendix Fig A2D
and Data Supplement), although not significant, two doses
of vaccination showed less protection for patients with
multiple myeloma (adjusted OR: 1.15; 95% CI, 0.32 to
4.12), lymphoma (adjusted OR: 2.22; 95% CI, 0.36 to
19.07), and lymphoid leukemia (adjusted OR: 1.80; 95%
CI, 0.33 to 11.75). Moderna’s vaccine demonstrated
stronger protection for patients with lymphoma (adjusted
OR: 0.55; 95% CI, 0.07 to 3.75) and lymphoid leukemia
(adjusted OR: 0.21; 95% CI, 0.01 to 1.99).

Effects of Cancer Treatments on Vaccine Effectiveness

Cancer therapeutics and bone marrow transplantation
procedures were systematically investigated using
treatment-specific logistic linear regressions (Fig 2 and
Data Supplement). The use of proteasome inhibitors and
immunomodulators was significantly associated with
higher breakthrough infection risks (adjusted ORs of 10.28
and 6.19, respectively). Medications with major immuno-
suppressive effects were associated with higher break-
through risks (adjusted OR 5 2.03). The history of bone
marrow transplantations was associated with less vaccine
effectiveness (range from adjusted ORs of 3.81-6.81).

Further Analysis

We also examined the breakthrough risk, the severe out-
come risk, and cancer treatment effects in patients who
received two doses of vaccines (Data Supplement). The
impact of recent cancer treatment on the breakthrough
infection risk was explored (Data Supplement). The po-
tential confounding effects because of the geographic
variance were also checked (Data Supplement). The
breakthrough infection risk of female- and male-specific
cancers is explored in the Data Supplement. Stratified
analysis was performed to reveal the treatment effects in
hematologic malignancies (Data Supplement). The geo-
graphic distributions of cohort characteristics used in this

work are presented in the Data Supplement. Goodness of fit
and explained variations are provided in the Data Sup-
plement. The above results are explained and discussed in
the Data Supplement, and the variable selection results are
provided in the Data Supplement. Main conclusions
remained the same in these analyses.

DISCUSSION

We reported the effectiveness of COVID-19 vaccines in
patients with cancer using the largest national COVID-19
electronic medical record resource. Our results showed
that patients with hematologic malignancies, especially
multiple myeloma, were at a higher risk for breakthrough
infection compared with noncancer patients or patients
with solid tumor. Our findings aligned with recent serologic
evidence in clinical studies and trials, which showed that
the postvaccination antibody titers after vaccination were
lower in patients9,28-30 with cancer including multiple my-
eloma,31,32 compared with those without cancers. The
evidence suggested that the weaker serologic responses of
patients with cancer to COVID-19 vaccines led to a higher
risk of breakthrough infection.

Reducing health disparity is crucial for preventing COVID-
19 breakthrough infections. Our study showed that non-
Hispanic African Americans, including those with cancers,
had significantly lower risks of breakthrough infections.
Similar observations have been previously reported in
smaller cohorts.33-35 However, the vaccination rate of Af-
rican Americans was lower than other races,36 largely
because of hesitancy.37 Our results underscored the ur-
gency and importance of addressing COVID-19 vaccination
hesitancy and increasing vaccination coverage in African
Americans.

Our analysis suggested that vaccination protected patients
with cancer, including those with hematologic malignan-
cies, from breakthrough infections. Recently, the CDC
approved the booster dose for immunocompromised in-
dividuals, including those with hematologic malignancies,38

and the corresponding data about the efficacy of booster
doses are under collection at N3C. Whether our discoveries
can be generalized to patients receiving booster shots is
unknown. We will report the effectiveness of booster shots
in follow-up studies once the data are available.

Despite lower breakthrough infection risk, fully vaccinated
individuals had higher risk of developing severe outcomes
compared with partially vaccinated individuals. These
findings differ from those observed from other vaccine
effectiveness studies including the study by Dagan et al,39

which reported a lower rate of COVID-19–related severe
outcomes, largely because of the different definition of the
at-risk population. Our study focused on the severe out-
comes among breakthrough infection cases, whereas
Dagan et al39 focused on the severe outcomes among
all vaccinated population, including those who were not
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infected. Moreover, the N3C-vaccinated cohort had a larger
proportion of patients with cancer compared with the co-
hort of Dagan et al39 (10% v 2%), which may explain the
higher rates in our study. Furthermore, compared with
partially vaccinated individuals in our N3C cohort, fully
vaccinated individuals were older (median age 63 v 52
years), had higher comorbidities (22% v 12% of adjusted
CCI$4), and were more likely to be smokers (40% v 20%),
which also contributed to a higher rate of severe outcomes.

To our knowledge, our study is the first to provide RWE on
the differential effects of mRNA vaccine types in specific
cancer types. In both the general population and those with
cancers, the mRNA-1273 by Moderna demonstrates better
protection against breakthrough risk than Pfizer-BioN-
Tech’s BNT162b2 vaccine, consistent with the antibody-
level difference in clinical trials.18 Moderna’s vaccine is
particularly effective for those with multiple myeloma
(adjusted OR 5 0.35) than the general population (ad-
justed OR 5 0.66). However, such a difference is less
obvious in other hematologic malignancies.

It is important to allow sufficient time for N3C’s contributing
sites to report vaccination status, breakthrough infections,
and associated clinical outcomes. A 3-month reporting
window was used in this study, using the data released on
August 27, 2021, to study the COVID-19 breakthrough
infections occurred before May 31, 2021. Our study mainly
covered the COVID-19 Alpha (B.1.1.7) variant, as by the
end of May 2021, delta variants had just started to emerge
in the United States, with a proportion of 7.3% among new
cases.40 Therefore, our study established the baseline for
investigating infections of new COVID-19 variants such as
the delta or the omicron variant.

The causes of the observed associations between cancer
treatments and breakthrough infection risks are compli-
cated. For example, proteasome inhibitors,11,41 immuno-
modulators, and bone marrow transplantations42,43 are
commonly used to treat hematologic malignancies such as
multiple myeloma,42 which by itself is strongly associated
with breakthrough infections. Stratified analyses were
performed for specific drug categories in certain hematologic

Therapeutic Drugs 
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CART-cell therapy

Monoclonal antibodies

Cyclin-dependent kinase inhibitors
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Antimetabolites

Enzyme inhibitors

Tyrosine kinase inhibitors
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Immune checkpoint inhibitors
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B-cell–depleting monoclonal antibodies

Plant alkaloids

Immunosuppressants
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Adjusted OR (95% CI)
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2.33 (1.67 to 3.21)
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0.70 (0.33 to 1.53)

0.66 (0.27 to 1.62)

0.61 (0.22 to 1.74)

0.48 (0.13 to 1.77)

0.45 (0.05 to 4.07)
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FIG 2. The effects of recent cancer treatments on breakthrough infection. The forest plot of logistic linear regression analyses is shown for (A) recent use
(6 months before vaccination) of 15 NCI-derived drug categories in breakthrough infection cases, (B) recent use (6months before vaccination) of drugs
with vwithout major immunosuppressive effects in breakthrough infection cases, and (C) bonemarrow transplantation in breakthrough infection cases.
Age, sex, race and ethnicity, smoking status, vaccination doses, vaccination types, and vaccination date were included in all logistic regression models.
Results from 14 separate logistic regression analyses, each tested a singlemedication category with its own reference group, are summarized in (A). The
P values and 95% CIs shown in (A) were adjusted using FDR for multiple testing. *P, .05, **P, .01, ***P, .001. CAR, chimeric antigen receptor;
FDR, false discovery rate; OR, odds ratio; ref, reference.
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malignancy types, the sample size of which was allowed
(Data Supplement).

Our study was carefully designed to address known limi-
tations in real-world data-based observational studies, in-
cluding the reporting bias, the longitudinal continuum of
cancer treatments, the design of the study, and selection of
the statistic models. Our strategies are discussed in the
Data Supplement. Comprehensive analysis on explained
variations and goodness of fit suggested that, in general,
our models explained the variation in the data well.

In conclusion, our work provided RWE suggesting that
patients with cancer, especially those with hematologic
malignancies such as multiple myeloma and lymphoma,
were at higher risk of breakthrough infections after mRNA
vaccinations and were more likely to develop severe out-
comes. The COVID-19 mRNA vaccines still significantly
reduced the breakthrough risk for patients with cancer.
This work also provided a baseline for further investigating
the efficacy of booster shots and the breakthroughs and
outcomes of SARS-CoV-2 omicron variants infections.
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of Alabama at Birmingham—UL1TR003096: Center for Clinical and
Translational Science • Johns Hopkins University—UL1TR003098:
Johns Hopkins Institute for Clinical and Translational Research •
University of Arkansas for Medical Sciences—UL1TR003107: UAMS
Translational Research Institute •Nemours—U54GM104941: Delaware
CTR ACCEL Program • University Medical Center New Orleans—
U54GM104940: Louisiana Clinical and Translational Science (LA CaTS)
Center • University of Colorado Denver, Anschutz Medical Campus—
UL1TR002535: Colorado Clinical and Translational Sciences Institute •
Mayo Clinic Rochester—UL1TR002377: Mayo Clinic Center for Clinical
and Translational Science (CCaTS) • Tulane University—
UL1TR003096: Center for Clinical and Translational Science • Loyola
University Medical Center—UL1TR002389: The Institute for
Translational Medicine (ITM) • Advocate Health Care Network—
UL1TR002389: The Institute for Translational Medicine (ITM) •
OCHIN—INV-018455: Bill and Melinda Gates Foundation grant to Sage
Bionetworks
Additional Data Partners Who Have Signed a DTA and Whose Data Release is
Pending
The Rockefeller University—UL1TR001866: Center for Clinical and
Translational Science • The Scripps Research Institute—
UL1TR002550: Scripps Research Translational Institute • University of
Texas Health Science Center at San Antonio—UL1TR002645: Institute
for Integration of Medicine and Science • The University of Texas Health
Science Center at Houston—UL1TR003167: Center for Clinical and
Translational Sciences (CCTS) • NorthShore University HealthSystem—

UL1TR002389: The Institute for Translational Medicine (ITM) • Yale
New Haven Hospital—UL1TR001863: Yale Center for Clinical
Investigation • Emory University—UL1TR002378: Georgia Clinical and
Translational Science Alliance • Weill Medical College of Cornell
University—UL1TR002384: Weill Cornell Medicine Clinical and
Translational Science Center • Montefiore Medical Center—
UL1TR002556: Institute for Clinical and Translational Research at
Einstein and Montefiore • Medical College of Wisconsin—
UL1TR001436: Clinical and Translational Science Institute of
Southeast Wisconsin • University of New Mexico Health Sciences
Center—UL1TR001449: University of New Mexico Clinical and
Translational Science Center • George Washington University—
UL1TR001876: Clinical and Translational Science Institute at
Children’s National (CTSA-CN) • Stanford University—UL1TR003142:
Spectrum: The Stanford Center for Clinical and Translational Research
and Education • Regenstrief Institute—UL1TR002529: Indiana Clinical
and Translational Science Institute • Cincinnati Children’s Hospital
Medical Center—UL1TR001425: Center for Clinical and Translational
Science and Training • Boston University Medical Campus—
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UL1TR001430: Boston University Clinical and Translational Science
Institute • The State University of New York at Buffalo—UL1TR001412:
Clinical and Translational Science Institute • Aurora Health Care—
UL1TR002373: Wisconsin Network For Health Research • Brown
University—U54GM115677: Advance Clinical Translational Research
(Advance-CTR) • Rutgers, The State University of New Jersey—
UL1TR003017: New Jersey Alliance for Clinical and Translational
Science • Loyola University Chicago—UL1TR002389: The Institute for
Translational Medicine (ITM) • #N/A—UL1TR001445: Langone
Health’s Clinical and Translational Science Institute • Children’s
Hospital of Philadelphia—UL1TR001878: Institute for Translational
Medicine and Therapeutics • University of Kansas Medical Center—
UL1TR002366: Frontiers: University of Kansas Clinical and
Translational Science Institute • Massachusetts General Brigham—

UL1TR002541: Harvard Catalyst • Icahn School of Medicine at Mount
Sinai—UL1TR001433: ConduITS Institute for Translational Sciences •
Ochsner Medical Center—U54GM104940: Louisiana Clinical and
Translational Science (LA CaTS) Center • HonorHealth—None
(Voluntary) • University of California, Irvine—UL1TR001414: The UC
Irvine Institute for Clinical and Translational Science (ICTS) • University
of California, San Diego—UL1TR001442: Altman Clinical and

Translational Research Institute • University of California, Davis—
UL1TR001860: UC Davis Health Clinical and Translational Science
Center • University of California, San Francisco—UL1TR001872: UCSF
Clinical and Translational Science Institute •University of California, Los
Angeles—UL1TR001881: UCLA Clinical Translational Science Institute
• University of Vermont—U54GM115516: Northern New England
Clinical & Translational Research (NNE-CTR) Network • Arkansas
Children’s Hospital—UL1TR003107: UAMS Translational Research
Institute
IRB
The N3C data transfer to NCATS is performed under Johns Hopkins
University Reliance Protocol No. IRB00249128 or individual site
agreements with NIH. The N3C Data Enclave is managed under the
authority of the NIH; information can be found at https://ncats.nih.gov/
n3c/resources.
This research was possible because of the patients whose information is
included within the data from participating organizations (https://
ncats.nih.gov/n3c/resources/data-contribution/data-transfer-
agreementsignatories) and scientists (https://covid.cd2h.org/duas) who
have contributed to the ongoing development of this community resource
doi.org/10.5281/zenodo.3979622.
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APPENDIX

Overall

Age, years

18-29 (ref)

30-49

50-64

> 65

Sex

Female (ref)

Male

Race and ethnicity

Non-Hispanic White (ref)

Non-Hispanic Black

Hispanic

Asian

Others or unknown

Smoking status

Nonsmoker (ref)

Current or former smoker 

Cancer category

No cancer (ref)

Solid

Hematologic

Multisite/metastatic

Unknown

Undefined primary

Vaccination doses

One dose (ref)

Two doses

Vaccination type

BNT162b2 by Pfizer-BioNTech (ref) 

mRNA-1273 by Moderna 

Vaccination date

December 1, 2020 (ref)

Date of first dose

Major Cancer Types (breakthrough cases ≥ 20)

No cancer (ref)

Solid

Breast

Skin

GI

Prostate

Female reproductive

Endocrine

Thoracic

Others

Hematologic

Leukemia

Multiple myeloma

Lymphoma

Others

Multisite/metastatic

Unknown

Undefined primary

Major Hematologic Malignancies

Solid cancer (ref)

Hematologic

Multiple myeloma

Lymphoma

Lymphoid leukemia

Myeloid leukemia

Others

Individual Hematologic Malignancy Type

Multiple myeloma

Two doses*

mRNA-1273 by Moderna** 

Lymphoma

Two doses*

mRNA-1273 by Moderna**

Lymphoid leukemia

Two doses*

mRNA-1273 by Moderna** 

Myeloid leukemia

Two doses*

mRNA-1273 by Moderna** 

Adjusted OR

(95% CI)

1.85 (1.67 to 2.05)

2.60 (2.35 to 2.90)

2.53 (2.28 to 2.82)

0.87 (0.83 to 0.92)

0.63 (0.57 to 0.70)

1.08 (0.96 to 1.20)

0.93 (0.83 to 1.04)

0.99 (0.92 to 1.06)

1.30 (1.22 to 1.37)

1.12 (1.01 to 1.23)

4.64 (3.98 to 5.38)

2.08 (1.89 to 2.29)

1.20 (0.74 to 1.83)

1.27 (0.76 to 1.98)

0.04 (0.04 to 0.05)

0.66 (0.62 to 0.70)

0.43 (0.42 to 0.44)

1.12 (0.92 to 1.34)

1.15 (0.97 to 1.34)

1.04 (0.77 to 1.37)

1.11 (0.88 to 1.38)

0.98 (0.64 to 1.43)

0.88 (0.55 to 1.33)

1.12 (0.72 to 1.65)

1.38 (1.04 to 1.80)

6.15 (4.79 to 7.79)

7.92 (6.04 to 10.25)

2.43 (1.78 to 3.24)

3.21 (1.81 to 5.32)

2.09 (1.90 to 2.29)

1.20 (0.74 to 1.84)

1.27 (0.76 to 1.99)

6.49 (4.90 to 8.49)

2.07 (1.51 to 2.79)

7.25 (5.29 to 9.77)

3.20 (1.69 to 5.57)

3.04 (2.02 to 4.43)

0.19 (0.10 to 0.35)

0.35 (0.15 to 0.72)

0.19 (0.10 to 0.38)

0.89 (0.44 to 1.69)

0.11 (0.05 to 0.24)

0.72 (0.35 to 1.40)

0.32 (0.08 to 1.68)

1.23 (0.25 to 4.75)

P

< .0001

< .0001

< .0001

< .0001

< .0001

.1850

.2115

.7960

< .0001

.0231

< .0001

< .0001

.4323

.3332

< .0001

< .0001

< .0001

.2620

.1045

.8071

.3706

.9053

.5605

.5944

.0206

< .0001

< .0001

< .0001

< .0001

< .0001

.4238

.3306

< .0001

< .0001

< .0001

.0001

< .0001

< .0001

.0082

< .0001

.7328

< .0001

.3429

.1383

.7781

***

***

***

***

***

***

*

***

***

***

***

***

.

*

***

***

***

***

***

***

***
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0.062 0.125 0.250 0.500 1.00 2.00 4.00 8.00

Adjusted OR
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D

FIG A1. The mRNA vaccination effectiveness in protecting patients with cancer from COVID-19 infection. The forest plots of
logistic linear regression analyses are shown for (A) all features in the overall breakthrough (continued on following page)
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FIG A1. (Continued). cases and negative controls; (B) major cancer types in the overall breakthrough cases and negative
controls; (C) major hematologic malignancies (breakthrough cases $ 20) in patients with cancers; and (D) fully vac-
cinated versus partially vaccinated cases and mRNA-1273 versus BNT162b2 vaccines in four individual patient groups
with multiple myeloma, lymphoma, lymphoid leukemia, and myeloid leukemia. Age, sex, race and ethnicity, smoking
status, vaccination doses, vaccination types, and vaccination date were included in all logistic regression models. In-
dividual logistic regression analyses were performed for each hematologic malignancy type, and the results are sum-
marized in (D). *P , .05, **P , .01, ***P , .001. OR, odds ratio; ref, reference.
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Overall

  Age, years

    18-29 (ref)

    30-49

    50-64

    > 65

  Sex

    Female (ref)

Male

  Race and ethnicity

    Non-Hispanic White (ref)

    Non-Hispanic Black

    Hispanic

    Asian

    Others or unknown

  Smoking status

    Nonsmoker (ref)

    Current or former smoker 

  Adjusted CCI

    0 (ref)

    1

    2

    3

    ≥ 4

  Cancer category

    No cancer (ref)

    Solid

    Hematologic

    Multisite/metastatic

    Unknown

    Undefined primary

Vaccination doses

One dose (ref)

    Two doses

Vaccination type

    BNT162b2 by Pfizer-BioNTech (ref) 

    mRNA-1273 by Moderna 

Vaccination date

    December 1, 2020 (ref)

    Date of first dose
Major Cancer Types (breakthrough cases ≥ 20)

  No cancer (ref)

  Solid

    Breast

    Skin

    GI

    Prostate

Female reproductive

    Endocrine

    Thoracic

    Others

  Hematologic

    Leukemia

    Multiple myeloma

Lymphoma

    Others

  Multisite/metastatic

  Unknown

  Undefined primary

Major Hematologic Malignancies

  Solid cancer (ref)
  Hematologic

    Multiple myeloma

Lymphoma

Lymphoid leukemia

    Myeloid leukemia

    Others

Individual Hematologic Malignancy Type

  Multiple myeloma

    Two doses*

    mRNA-1273 by Moderna** 

Lymphoma

    Two doses*

    mRNA-1273 by Moderna** 

Lymphoid leukemia

    Two doses*

    mRNA-1273 by Moderna** 

Adjusted OR

 (95% CI) 

1.15 (0.89 to 1.51)

1.08 (0.83 to 1.41)

1.42 (1.09 to 1.86)

1.00 (0.89 to 1.13)

1.40 (1.12 to 1.74)

0.91 (0.71 to 1.16)

0.68 (0.51 to 0.89)

0.97 (0.83 to 1.13)

1.14 (1.00 to .29)

1.47 (1.26 to 1.72)

2.16 (1.77 to 2.64)

2.95 (2.32 to 3.75)

4.92 (4.15 to 5.84)

1.33 (1.09 to 1.62)

1.45 (1.08 to 1.95)

1.43 (1.18 to 1.75)

1.77 (0.70 to 4.57)

1.10 (0.40 to 2.93)

1.35 (1.20 to 1.52)

0.64 (0.56 to 0.74)

1.05 (0.99 to 1.12)

1.10 (0.73 to 1.63)

1.19 (0.85 to 1.67)

1.52 (0.85 to 2.74)

1.76 (1.11 to 2.80)

1.34 (0.57 to 3.06)

1.21 (0.48 to 2.97)

1.59 (0.69 to 3.71)

1.50 (0.86 to 2.62)

1.16 (0.72 to 1.84)

1.75 (1.06 to 2.89)

1.28 (0.70 to 2.31)

3.27 (1.18 to 9.88)

1.44 (1.18 to 1.75)

1.79 (0.70 to 4.60)

1.10 (0.40 to 2.93)

1.26 (0.73 to 2.18)

0.92 (0.49 to 1.71)

0.53 (0.28 to 0.97)

1.77 (0.55 to 5.88)

2.38 (1.10 to 5.46)

1.15 (0.32 to 4.12)

1.01 (0.10 to 10.32)

2.22 (0.36 to 19.07)

0.55 (0.07 to 3.75)

1.80 (0.33 to 11.75)

0.21 (0.01 to 1.99)

P

.2841

.5734

.0107

.9607

.0028

.4403

.0067

.7102

.0443

< .0001

< .0001

< .0001

< .0001

.0046

.0124

.0003

.2269

.8465

< .0001

< .0001

.1132

.6447

.3112

.1584

.0162

.4960

.6772

.2748

.1512

.5428

.0292

.4176

.0256

.0003

.2199

.8493

.4139

.7876

.0449

.3380

.0325

.8324

.9913

.4163

.5509

.5063

.2055

*

**

**
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FIG A2. The mRNA vaccination effectiveness in reducing the risk of severe COVID-19 outcomes in patients with cancer.
The forest plot of logistic linear regression analyses is shown for (A) all features in the overall breakthrough cases; (B)
major cancer types in the overall breakthrough cases; (C) major hematologic malignancies (continued on following page)
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FIG A2. (Continued). (breakthrough cases $ 20) in breakthrough patients with cancers; and (D) fully vaccinated versus partially
vaccinated cases and mRNA-1273 versus BNT162b2 vaccines in four individual patient groups with multiple myeloma, lymphoma,
lymphoid leukemia, andmyeloid leukemia. Age, sex, race and ethnicity, smoking status, adjusted CCI, vaccination doses, vaccination
types, and vaccination date were included in all logistic regression models. Individual logistic regression analyses were performed for
each hematologic malignancy type, and the results are summarized in (D). *P , .05, **P , .01, ***P , .001. CCI, Charlson
Comorbidity Index; OR, odds ratio; ref, reference.
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